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Synopsis 


The problems of location, design, construction and maintenance of military air¬ 
fields and other engineering works in arctic and subarctic regions are peculiar to those 
regions. The purpose of this investigation is to determine the methods and procedure to be 
used in the solution of these problems. 

Observations of existing structures have been made at various airfields in Alaska 
since 1945, and additional test structures were constructed near Fairbanks in 1946 and 
1947 on which observations are being made. Construction and installation of equipment for 
observation of ground temperatures at certain weather stations throughout Alaska have 
been completed and observations are being made. The observations have resulted in the 
formulation of certain conclusions regarding the structures tested. 

Laboratory research has been carried on at the University of Minnesota to deter¬ 
mine the thermal properties of soils and certain insulating materials. Purdue University 
has been engaged in developing procedures for locating permafrost and determining the 
kind of arctic and subarctic soils from aerial photographs. Library research is being con¬ 
ducted to locate and translate, where necessary, literature pertaining to permafrost. The 
results of geophysical exploration, using electrical resistivity methods, do not justify fur¬ 
ther work on permafrost until improved equipment is developed. Special equipment has 
been developed, where necessary, to achieve the purpose of the investigation. Studies have 
been made of the data collected from the various phases of the investigation. 

The investigations at the Fairbanks Research Area, Alaskan weather stations, li¬ 
brary research, and aerial photographic reconnaissance studies should be continued. The 
investigation at Northway should be discontinued when the ground temperatures under the 
hangar have stabilized. 




COMPREHENSIVE REPORT 


INVESTIGATION OF MILITARY CONSTRUCTION 
IN ARCTIC AND SUBARCTIC REGIONS 


I Introduction 


1. AUTHORIZATION. The project for the investigation of military construction in 
arctic and subarctic regions was authorized by the Office, Chief of Engineers in a letter to 
the Division Engineer, Uoper Mississippi Valley Division, SPENM (2 February 1945), Sub¬ 
ject: ‘‘Investigation of Airfield Construction in Arctic and Subarctic Regions”. The St. 
Paul District was designated as the Investigational Agency, with supervision by xhe Divi¬ 
sion Engineer to consist of inspections and reviews of programs, as deemed necessary, 
decisions with respect to major policies, and reviews of special and periodic reports. Di¬ 
rect correspondence between the Investigational Agency and the Office, Chief of Engineers 
was authorized. Specific instructions to submit this report are contained in a letter from 
the Office, Chief of Engineers, ENGER (25 October 1948) to the District Engineer, St. Paul 
District, Subject: “Comprehensive Report, Investigation of Airfield Construction in Arctic 
and Subarctic Regions, dated January 1948”. 

2. PURPOSE. The purpose of the investigation is to determine design methods and 
procedures to be used in military construction in arctic and subarctic regions. Informa¬ 
tion as it is acquired will be used as follows: 

a. To supplement or enlarge Technical Bulletin TB 5-255-5. 

b. To supplement Technical Manual TM 5-255 when sufficient information has 
been accumulated. 

c. To provide a chapter on permafrost construction in the Engineering Manual. 

d. To prepare guide construction specifications. 

3. SCOPE. This report presents a summary of the data and results obtained from 
the beginning of the investigation. It includes results of tests at Northway Airfield, Eiel- 
son Air Force Base, Ladd Air Force Base, Alaska, and at the Fairbanks Research Area 
near Fairbanks, Alaska; data on construction equipment and methods; data collected at 
Alaokan weather stations; laboratory research on tests of thermal properties of soils and 
insulating materials; interpretation of frozen and unfrozen ground conditions from aerial 
photographs; library research; geophysical exploration methods; theoretical studies; and 
field tests of model structures. A map of Alaska indicating points at which investigations 
were made, as well as other points, is shown on Plate 1. 

4. DEFINITIONS. 

Active zone — the entire layer of ground above the upper surface of the perma¬ 
frost layer, most of which freezes and thaws every year. 
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Adfreezing force — the grip of frozen ground on a pile or foundation wall, 

Arctic — relating to, or characteristic of, the North Pole or the region near it, 
the frigid zone within the Arctic Circle, 

Base — the course of specially selected soils, minerals, aggregates or treated 
soils placed and compacted on the natural or compacted subgrade. 

British thermal unit (Btu) — the amount of heat necessary to raise the temper¬ 
ature of one pound of water one degree Fahrenheit at 58 degrees Fahrenheit. 

Degree-day — each degree in any one day that the daily mean air temperature 
varies from 32° F is called a degree-day. The difference between the daily mean temper¬ 
ature and 32° F equals the degree-days for that day. The degree-days are minus when the 
daily mean temperature is below 32° F and plus when above. A cumulative degree-d&ys- 
time curve is obtained by -lotting cumulative degree-days against time. 

Density (d) — l'\e unit dry weight in lb per cu ft. 

Diffusivity — at index of the facility with which a material will undergo tem¬ 
perature change. It is equa.' to thermal conductivity divided by the product of specific heat 
and density. 

Film conductance — synonym for surface conductance. 

Freezing index (F a ) — the number of degree-days between the highest and 
lowest points on the cumulative degree-days-time curve for one freezing season. It is 
used as a measure of the combined duration and magnitude of below-freezing air temper¬ 
atures occurring during any given freezing season. 

Freezing point of soil moisture — the same as the freezing point of water 
(32° F). For soils having a texture finer than that of silts and for soils having relatively 
low moisture content, the freezing point is depressed below 32° F. 

Freezing season — that period of the year during which daily mean air tem¬ 
peratures below 32° F occur. It starts with the first day in the fall season and ends 
with the last day in the spring season, on which the daily mean air temperature is be¬ 
low 32° F. 

Frost action — a general term used in reference to freezing of moisture in 
materials and the resultant effects on these materials and structures of which they are 
a part. 

Frost heave — the raising of the ground surface or pavement due to the accu¬ 
mulation of ice lenses. The amount of heave in most soils is approximately equal to the 
cuipulative thickness of ice lenses. 

Frost-susceptible soil — a soil in which frost action is possible. Any soil 
which contains three percent or more by weight of soil grains smaller than 0.02 mm di¬ 
ameter is generally considered susceptible to frost action. 

Frost zone — the top layer of ground subject to seasonal freezing and thaw¬ 
ing. Where seasonal freezing penetrates to the upper surface of the permafrost layer, 
the frost zone and the active zone are identical. 

Frozen soil — frozen soil is referred to in this report as follows: 

(a) Homogeneous frozen soil, -- a soil iu which all the water in the soil is 
frozen within the natural voids existing in the soil, without observable 
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accumulation of ice crystals or ice lenses of frost forms exceeding in 
volume such natural void spaces. 

(b) Stratified frozen soil . — a soil in which a part of the water in the soil is 
frozen in the form of observable ice crystals and ice lenses, occupying 
space in excess of the original soil voids. 

Ground isotherm -- a line connecting points of equal temperature in the ground 
at a give* - ? time. 

Ground polygons — generally the surface manifestation of tie presence of 
ground ice wedges inclosing fine-grained soil in polygonal shapes. 

Groundwater — water within the earth, ft may exist above, within, or below the 
permafrost layer, depending on geologic and physiographic features, climate, and seasonal 
weather variations. Since it ma/ thaw permafrost, it is an important factor to consider. 

Groundwater table — the free water surface nearest to the ground surface. 

Ice crystals — the formation of ice particles found in the pores of homogeneous 
frozen soil. 


Ice segregation — in soils is the growth of bodies of ice during the freezing 
process, most commonly as ice lenses or layers oriented normal to the direction of heat 
loss, but also as veins and masses having other patterns. 

Latent heat of fusion (L) — the quantity of heat necessary to change one pound 
of a solid to a liquid with no temperature change. For ice the latent heat of fusion is 143.4 
Btu per lb. 

Non-frost-susceptible materials — materials such as crushed rock, gravel, 
sand, slag, -inders, or ary other cohesionless material in which the formation of detri¬ 
mental ice lenses is not possible. 

Permafrost -- peimanently frozen subsurface material not subject to seasonal 
freezing and thawing. 

Specific heat (c) — the number of Btu’s necessary to raise the temperature of 
one pound of a substance one degree Fahrenheit. 

Subarctic — those regions immediately outside of the Arctic Circle, or those 
which for various reasons, as altitude, etc., are similar to arctic regions in climate and 
conditions of life. 

Subgrade — the natural soil-in place or fill material upon which a base, pave¬ 
ment, or footing is constructed. 

Surface conductance (f) — the time rate of heat flow from a square foot of sur¬ 
face to the air per degree difference in temperature between the surface and the air. 

Surface resistance — the reciprocal of surface conductance. 

Temperature gradient — the rate of change of temperature between two points. 

Temperature test hole -- a drill hole in which ground temperatures are ob¬ 
served by means of mercury thermometers, thermocouples, or electrical resistance ther¬ 
mometers. 

Thawing index (l a ) — the number of degree-days between the lowest and highest 
points on the cum illative degree-days-time curve for one thawing season. It is used as a 







measure of combined duration and magnitude of above-freezing air temperatures occur¬ 
ring during any given thawing season. 

Thawing season — that period of the year during which daily mean air tem¬ 
peratures above 3?° F« occur. It starts with the first day in the spring season and ends 
with the last day in the fall season, on which the daily mean air temperature is above 
32° F. 

Thermal conductance (C) — the time rate of heat flow through a substance for 
an area of one square foot and a difference of temperature of one degree Fahrenheit be¬ 
tween surfaces. 

Thermal conductivity (k) — the time rate of heat flow in Btu per hour trough 
a substance for a * area of one square foot and with a temperature gradient of < ne degree 
Fahrenheit per inch of thickness. 

Thermal regime — the prevailing ground temperature condition. 

Thermal resistance (R) — the reciprocal of thermal conductance. 

Thermal resistivity (r) — the reciprocal of thermal conductivity. 

Utilidor — an insulated and heated conduit placed in the ground or sup¬ 
ported above the ground to protect water, steam and sewage pipes from freezing. 

Volumetric heat capacity — the number of Btu’s necessary to raise the tem¬ 
perature of one cubic foot of a material one degree Fahrenheit. 

For dry soils, cd 

For wet soils, d{c + 1.0-y^) 

For wet, frozen soils, d(c + 0.5 y^g) 

Volumetric latent heat (Lwd = 1.434 wd) — the number of Btu’s necessary to 
melt the ice in one cubic foot of soil. 

Water content (w) — percentage of water in a substance based on dry weight of 
the substance. 

5. ENGINEERING PROBLEMS. The removal of natural vegetation insulation on 
the ground surface in connection with construction operations and the introduction of 
artificial heat into the ground under buildings will, in time, melt the permafrost. Fail¬ 
ure of structures placed on permanently frozen, fine-grained soil, which is unstable 
when thawed, is likely to occur when the water released from the melting ice lenses 
flows out of the loaded soil. Settlement of a building may be cumulative over a period 
of many years as additional heat continues to melt the frozen ground. 


D Airfield Site Studies 

Northway Airfield, Alaska 

6 . PURPOSE. The investigation at Northway Airfield, Alaska was initiated for the 
purpose of collecting basic physical data on soil characteristics, ground temperatures, 
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groundwater, foundation designs, and other factors as they affect facilities at this site, 
with particular reference to permanently frozen ground and associated problems. Detailed 
descriptions and data concerning the Northway Airfield are contained in Appendix I. 



Figure 1. Northway Airfield, Alaska, June 1946 
7. GENERAL. CONDITIONS. Northway Airfield is located in the flood plain of the 
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Nabesna River, about 230 miles southeast of Fairbanks and about 30 miles west of the 
Canada-Alaska boundary. See Plate 2 and Figure 1. The terrain surrounding the airfield 
is relatively flat except for numerous small lakes. The soil is predominantly sand with 
shallow layers of silt near the surface. The surface soil is generally covered with thick 
moss and peat. Permafrost occurs in islands at this site probably as a result of mean- 
derings of streams in the area. The mean annual temperature and precipitation for the 
years 1943 to 1947, inclusive, were 23.8° F and 12.52 in., respectively. The runway at 
Northway Airfield is 7500 ft long and consists of a 7-in. asphalt emulsion pavement on a 
3.5-ft-thick base course of sand and gravel. Several types of foundations were used under 
the various buildings at this airfield. Most of the foundations were spread concrete foot¬ 
ings resting on the ground. A few foundations were composed of treated timber piling 
supporting either beams or concrete slabs. A third type of foundation consisted of a sand¬ 
wich comprised of a sand layer on the natural ground, a reinforced concrete slab, and a 
sand and gravel layer on which the spread footings and floor were placed. 

8 . EXPLORATIONS AND TESTS. A number of core borings were made along the 
runway and in or adjacent to several buildings for the purpose of recovering frozen sam¬ 
ples of natural soil with a view to determining its density, moisture content, and other 
physical properties. Because of the sandy and frequently unfrozen character of the soil, it 
was extremely difficult to recover satisfactory samples of soil by core drilling at this 
site. During the summer, artificial freezing methods were used with some success to re¬ 
cover samples of thawed sand. Ground temperature observation equipment consisting of 
either mercury thermometers or thermocouples was installed in the core drilled holes 
and observations made' at weekly intervals. Groundwater wells were installed by water 
jetting methods to the top of permafrost. Observations of groundwater levels were made 
at intervals of about one week during the thawing seasons. Observations of vertical move¬ 
ment of runway pavements, building floors, and building footings were made at intervals of 
about two months. Probings were made at established points to determine frost levels at 
2 -month intervals during the thawing seasons. 

9. RESULTS OF OBSEP.VATIONS. V/here permafrost was present, seasonal thaw¬ 
ing was observed to a depth of 10 ft adjacent to the runway. During the first 3 years after 
construction of the 180- by 210-ft hangar, thawing of the subsoil took place to a depth of 25 
ft. Observed thawing under other smaller buildings placed on spread footings or concrete 
slabs directly on the ground ranged to a depth of 18 ft. The least thawing was observed 
under buildings having an air space between the floor and the ground. The least vertical 
movement occurred in structures supported on sand and gravel fills and on piling em¬ 
bedded in permafrost. 

Eielson Air Force Base, Alaska 


10. GENERAL. In connection with the construction of the runway extension at Eiel¬ 
son Air Force Base by the District Engineer, Alaska District assistance was obtained in 
drilling five ground temperature boles on a line crossing the runway. Thermocouple 
equipment for measuring ground temperatures in these holes was fabricated and installed 
by this office. Observations have been made for only a short time and are therefore not 
reported herein. 

Ladd Air Force Base, Alas ka 

11. GENERAL, A 500-maa barracks building being constructed at Ladd Air Force 
Base by the District Engineer, Alaska District is to be observed to determine the effect of 
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the structure on permafrost. Ground temperature holes have been drilled at several points 
under the building Thermocouple equipment for measuring ground temperatures has been 
constructed and will be installed by the St. Paul District Office when construction of the 
building is sufficiently advanced. 


Ill Construction Operations 


12. CONSTRUCTION SEASON. It has been found that the best season for construc¬ 
tion operations in Alaska and western Canada is approximately the period from 1 May to 

1 October, while in northeastern Canada it is approximately the period from 1 June to 15 
October. Outdoor construction operations should be restricted to the best or warm sea¬ 
son, but if it is necessary to work during the winter, outdoor construction operations 
should only be conducted when the temperature is warmer than -30° F. During a large 
part of the warm season, there is much daylight and little darkness, thus construction op¬ 
erations can be readily prosecuted on a two shift basis to increase total production to 
compensate in part for the short construction season. When cuts are to be made infrozen, 
fine-grained soils of high moisture content, as for borrow pits and landing strips, vegeta¬ 
tion should be removed from areas only as large as the available earth-moving equipment 
can work in and readily remove the soil as it thaws. If too large an area is stripped of 
vegetation, the ground thaws deeply and becomes a bog in which the equipment cannot be 
operated. In some instances, blasting methods have been successfully employed both in 
the winter and summer to break up the frozen, fine-grained soil so that it may be exca¬ 
vated by ordinary earth-moving equipment. The winter season is the best time to perform 
subsurface drilling operations if cored soil samples are required for foundation design 
purposes. Frozen cores provide accurate information on actual soil moisture and density 
conditions. 

13. CONSTRUCTION EQUIPMENT, Data on equipment for construction in arctic 
and subarctic regions were collected by reviewing reports on construction in arctic and 
subarctic regions by such agencies as the Civil Aeronautics Administration, Public Roads 
Administration, Alaskan Department, reports of manufacturers of equipment, lubricants, 
etc., and others familiar with arctic construction. Persons familiar with arctic construc¬ 
tion equipment and manufacturers of such equipment were interviewed and the problems of 
arctic construction discussed in detail. The information obtained was submitted as "In¬ 
terim Report on Arctic Construction Equipment" dated 12 July 1945. From the above in¬ 
formation, it was determined that the same construction equipment that is used in the 
United States is suitable for use in the Arctic and Subarctic. In general, a heavier type of 
equipment is c ensidered to be the most satisfactory. Equipment for arctic use must be 
suitably winterized and special attachments and optional parts should be specified when 
ordering equipment. Some special equipment which is similar to that used in the warmer 
climr-.tes is very desirable for thawing operations in frozen ground. These items include 
small portable steam boilers of about 2-boiler horsepower, accessories for steam boilers 
such as steam points and steam hose, hydraulic plant consisting of diesel or electric 
motor-driven pumps and hydraulic monitor or giants, together with the attendant pipe and 
valves. Winter tractor-drawn freighting equipment, including heavy duty sleighs and Go- 
devils and trailer-mounted asphalt heaters, are also useful in arctic construction. The 
accessibility of a site and the time, especially in the terms of seasons available for con¬ 
struction, are important factors to be considered in the selection and assignment of con¬ 
struction equipment. Because of the isolation of many of the sites, it is very important 
that an adequate stock of repair parts for the equipment be readily available. It is also 
suggested that on any particular job, equipment be standardized insofar as possible to 
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provide for interchangeability of parts. It is understood that other Government agencies 
are making comprehensive field tests of construction equipment in arctic and subarctic 
regions. This phase of the permafrost investigation has therefore been discontinued. 


IV Meteorological Data Study 


14. GROUND TEMPERATURE INSTALLATIONS AT WEATHER STATIONS. In 
order to accumulate data concerning ground temperatures as related to varying climatic 
conditions, observation equipment has been installed at weather stations throughout the 
Territory of Alaska, as listed below; 


F airbanks 
Fort Yukon 
Galena 
Gulkana 


Summit 

Tanana 

Unalakleet 

Wales 


A similar installation was originally contemplated at Point Hope. However, large boulders 
encountered made it impossible to drill thetem- 

_ _ perature hole in the ground with the drilling 

equipment which could be conveniently trans¬ 
ported to the site. See Figure 2. For this rea¬ 
son, the site at Point Hope has been abandoned. 
The installations at Nome and Fairbanks were 
made in September and November 1945, respec¬ 
tively. Installations at the other weather sta¬ 
tions were made in two phases by personnel 
from the Permafrost Field Office at Ladd Air 
Force Base. Drilling and the installation of 
2-in. pipe to a depth of 22,5 ft was accomplished 
during the period from 20 June to 25 August 
1946. The pipe was installed in place, capped 
and protected by a timber frame pending instal¬ 
lation of the thermohms. Installation of tem¬ 
perature observation equipment was accom¬ 
plished during the period from 15 October 1946 
to 12 January 1947. Resistance thermometer 
units were assembled by the St. Paul District 
Office and shipped to the field office at Ladd Air 
Force Base for installation. Details of the in¬ 
stallations are shown in Plate 3. The U. S. 

Weather Bureau has assumed responsibility for 
making observations and recording data at all 
stations including Civil Aeronautics Administra- 
Figure 2. Portable churn drill rig tion stations. To date, sufficient data concern- 
developed for use in drilling tern- ing ground temperatures are not available for 

perature holes at weather stations. analytical purposes. To increase the scope of 

September 1946 this coverage, additional ground temperature in¬ 

stallations are contemplated at outlying Alaskan 
and Canadian weather stations. Table 1 summarises meteorological data obtained at the 
weather stations. 






















V Thermal Properties of Soils and Insulating Materials 


15. GENERAL.. A laboratory investigation for the determination of thermal proper¬ 
ties of typical soils and insulating materials under varying conditions of temperature, 
moisture, density, and composition was made by the University of Minnesota, under Con¬ 
tract No. W-21-018-eng-341. The tests required included thermal conductivity and spe¬ 
cific heat as well as standard tests for moisture, density, and classification. Under the 
contract with the Corps of Engineers, the Engineering Experiment Station of the University 
of Minnesota began the study of thermal properties of soil in the fall of 1945. The investi¬ 
gation has been completed and a final report has been submitted to the Office, Chief of En¬ 
gineers for review. Brief summaries of the soils and materials tested and the general 
character of results obtained are contained in the following paragraphs. Detailed descrip¬ 
tions of the materials, equipmer\ and test results are contained in the final report by the 
University of Minnesota entitled “Final Report, Laboratory Research for the Determina¬ 
tion of the Thermal Properties cl Soils”, September 1948. See Figure 3, page 14. 

16. THERMAL C ■ NDUCTIVITY TESTS OF SOILS. Nineteen soils and rock types 
were tested for thermal conductivity under various conditions of moisture, density, grada¬ 
tion, pariic'e .ape, and temperature. Theie materials include one gravel and six sandy 
soils, six fine extured silt or clay soils, five minerals or rock types, and a peat soil. 

With the exception of a sand from South Lowell, Massachusetts, all of the soils were ob¬ 
tained from 'laska. The minerals and rocks were obtained in Minnesota, South Dakota, 
and Wisconsin. The tests have shown that the coefficient of thermal conductivity varies 
as follows: 

a. Above freezing, it increases slightly with an increase in mean temperature. 

b. Below freezing, for soils at low moisture contents, it shows very little 
change; for greater moisture contents, it shows an increase for a decrease 
in temperature. 

c. For a change from unfrozen to frozen soil, it changes variably according to 
the moisture content. For dry soils it does not change; for soils of low 
moisture content, it decreases; and for soils of high moisture content, it 

ir eases. 

d. A’, a constant moisture content, it increases with an increase in dry density. 
The rate of increase is about the same at all moisture contents and is not 
markedly different for frozen and unfrozen soils. 

e. At a constant dry density, it increases with an increase in moisture content. 

f. For saturated unfrozen soils, it decreases with a decrease in density. For 
saturated, frozen soils, the data indicate no well-defined relationship be¬ 
tween density and conductivity. 

g. It varies in general with the texture of the soil, being high for gravels and 

~ sands, lower for the sandy loams, and lowest for the silt and clay soils. 

h. It differs appreciably for different soil minerals. Quartz has greater con¬ 
ductivity than plagioclase feldspar and pyroxene. 
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i. Angular soil particles have from 20 to 50 percent greater conductivity than 
rounded soil particles. 

17. PREDICTION OF THERMAL PROPERTIES OF SOILS. From the results of the 
thermal conductivity tests, four charts were developed (Plates 4 to 7, inclusive) to aid in 
the prediction of conductivity values for other soils. Two of the charts are for sands or 
sandy soils and two are for silt or clay soils. Data for frozen materials are shown on one 
chart and data for unfrozen materials are shown on the second chart for each type of soil. 
Since the specific heat values for given temperatures were found to be quite similar for 
all soils tested, it appears to be reasonable to assume the same values for other soils, 
'iverage values of specific heat of dry soils were found to be 0.19 at 140° and 0.16 at 0° F 
and variations were in direct proportion to the temperature. The specific heat of wet soils 
may be calculated by the equation: 

Specific heat - *00 * a P heat of soil + moisture content 
P 100 + moisture content 

The diffusivity of a soil may be computed if its coefficient of thermal conductivity, spe¬ 
cific heat, and density are known. The equation for this computation is: 


Diffusivity = 


Thermal conductivity 
Specific heat x density 


18. THERMAL CONDUCTIVITY OF LIGHTWEIGHT CONCRETES. Test specimens 
of cell concrete and zonolite concrete were obtained during construction of the Fairbanks 
Research Area near Fairbanks, Alaska. The apparatus used in the tests of thermal con¬ 
ductivity of these concrete materials consists essentially of two flat plates heated uni¬ 
formly by a heat source between them. Two slabs of the material to be tested are placed 
against these plates, and then two other flat plates whose temperatures can be controlled 
are placed against the outer sides of the slabs. The power used by the heating element and 
the temperature difference between the hot and cold plates were measured, and the coeffi¬ 
cient of thermal conductivity was calculated. The material was tested dry. The data ob¬ 
tained are given in the final report by the University of Minnesota. Tables 2 and 3 give the 
order of magnitude of the conductivities: 


TABLE 2 

THERMAL CONDUCTIVITY OF ZONOLITE CONCRETE SLABS 


Mix by Volume 
Cement:Zonolite 

Density 
lb/cu ft 

Low Mean 
Temperature 

k* 

High Mean 
Temperature 

k* 

1:4 

33.6 

-0.1° F 

1.051 

72.3° F 

1.091 

1:6 

29.6 

0.2° F 

0.998 

75.3° F 

1.058 

1:8 

28.6 

15.1° F 

0.941 

75.3° F 

1.001 

1:10 

20.4 

0.1° F 

0.635 

70.0° F 

0.684 


k r thermal conductivity in Btu per sq ft per hr per °F per in. 
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TABLE 3 


THERMAL CONDUCTIVITY OF CELL CONCRETE SLABS 


Approximate 

Density 


Specific Gravity 

lb/cu ft 

k* 

1.2 

86.0 

4.11 

1.0 

80.5 

3.87 

0.8 

71.5 

3.09 


* k = thermal conductivity in Btu per sq ft per hr per °F per in. 


It was fot'd that the thermal conductivity increased with an increase in dry density and 
with an increase in mean temperature. Conductivities may be interpolated or extrapolated 
reasonably from the preceding values for dry materials. However, moisture must in¬ 
crease the conductivity of these materials significantly. Use of these materials in field 
construction for insulation has been ineffective. High groundwater keeps the insulation 
wet most of the time in the field test area. 


VI Supplementary Studies 

19. AERIAL PHOTOGRAPHIC RECONNAISSANCE. The Engineering Experiment 
Station of Purdue University, under Contract No. W-21-0l8-eng-336, and under the direc¬ 
tion of the St. Paul District, Corps of Engineers made field investigations in Alaska during 
the summers of 1945, 1946, 1947, and 1948 for the purpose of developing a technique for 
predicting permafrost conditions and soil characteristics from aerial photographs. The 
investigation in 1945 was of a preliminary nature with the primary purpose of determining 
the feasibility of the project. As the investigation in 1945 produced favorable results, it 
was continued in 1946, 1947, and 1948. In 1945 the work was confined to the Tanana, Yukon 
and Koyukuk River Valleys and the coastal plain in the vicinity of Nome. Areas studied in 
detail were at Northway, Tanacross, Big Delta, Galena and Nome. In 1945 areas studied 
during the previous year were re-examined and, in addition, areas at Fairbanks and on the 
Seward Peninsula were investigated. In 1947, studies were made between Talkeetna and 
Peters Creek and between Curry and Houston along the Alaska Railroad, along the Rich¬ 
ardson Highway between Copper Center and Big Delta, between Circle and Eagle Creek on 
the Steese Highway, Betties, Fort Yukon, Umiat., Bethel, Barrow, and McGrath. In 1948, 
studies were made at Big Delta, Kotzebue, Elephant Point, Peering, Point Hope, Kobuk 
Valley, Noatak Valley, Shesualer, Noorvik, Kiana, Point Barrow, Admiralty Bay, Oumalik, 
Atkusuk, Ikpikpuk River Valley, Sagavanirktok Bluffs, Colville River Valley, coast between 
Point Barrow and Icy Cape, Barter Island, Beaver, Yukon, Gulkana, Chistochina, Slana, 
Tok, Northway, Tanacross, and Galena. Aerial photographs were furnished by the Army 
Air Forces. Where necessary photographs were not available, the areas were photo¬ 
graphed by that organization prior to the time that ground studies were made by represen¬ 
tatives of Purdue University. A report entitled “Summary and Statement of Technique, 
Aerial Photographic Reconnaissance Investigation, Frozen Soils in the Territory of 
Alaska,” dated January 1948, revised in May 1948, is a summary of the techniques devel¬ 
oped by Purdue University in its field investigations in Alaska from 1945 to 1947, inclu¬ 
sive, A manual on the interpretation of aerial photographs of terrain in arctic and sub¬ 
arctic regions for engineering purposes is being prepared by Purdue University for publi¬ 
cation as a separate report in 1950. In a relatively undeveloped region such as the 
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Territory of Alaska, aerial photographs can be used to great advantage in locating the best 
sites for airports, highways, railruds, and military bases. When it is known that some 
type of engineering construction is to be done in a certain locality, aerial photographs of 
the locality are studied by an engineer familiar with the geologic and pedologic history and 
processes pertaining to the region. A general soil map of the locality can be developed 
from such a study in much less time and with much less field work than if the investiga¬ 
tion were made by field reconnaissance. 

20, GEOPHYSICAL EXPLORATION METHODS. Field studies of the feasibility of 
employing geophysical methods to determine the depth, areal extent, and stratigraphy of 
permafrost were made during September 1945 by Dr. J. H. Swartz of the Bureau of Mines 
and Mr. E. R. Shepard of the Office, Chief of Engineers. The work in 1945 was prelimi¬ 
nary in character and the results were necessarily tentative in nature, requiring verifica¬ 
tion by further field work in undisturbed areas where the methods could be checked in de¬ 
tail by borings. During August of 1946, afield study was conducted in the Fairbanks Research 
Area and at Ladd Air Force Base, both near Fairbanks, Alaska, by Mr. E. R. Shepard. 

His study was concentrated upon locating waterbearing and other thawed strata within 
permafrost, as well as locating and outlining ice lenses in thawed ground and the depth of 
permafrost. Depth to the upper surface of the permafrost layer was not emphasized due 
to the relative ease with which this can be determined by probing. The following conclu¬ 
sions are contained in “Report on the Application of the Electrical Resistivity Method of 
Subsurface Exploration to Studies of Permafrost Problems in Alaska”, by E. R. Shepard 
following his field study in 1946: 

“A careful analysis of two seasons’ experimental studies of permafrost, by 
the electrical resistivity method of subsurface exploration at several locations in 
Alaska, has disclosed various anomalies and apparent conflicts which render defi¬ 
nite or reliable interpretations impossible at all locations. 

“From the results of both seasons’ studies, it is apparent that the top of 
shallow permafrost can usually be determined with satisfactory accuracy and that 
under some conditions the bottom of permafrost within moderate depths can also 
be determined. However, other factors than temperature appear to be present in 
some locations which may be mistaken for depth effects and thereby lead to erron¬ 
eous interpretations. 

“From the limited data so far obtained, it appears that the method cannot 
be depended on to reveal the presence of waterbearing strata, ice crystals and 
lenses within permafrost, or even the presence of permafrost under all conditions. 

“Unknown factors which may be related to the chemical properties of the 
soil, not necessarily discernible in drill logs, appear to be more dominant in elec¬ 
trical resistivity data than are factors related to the thermal and mechanical prop¬ 
erties of the soil. 

“While further investigations, which would necessitate considerable drill¬ 
ing and the making of temperature measurements for correlations, might resolve 
some of the outstanding uncertainties, it appears that the results so far obtained 
are not sufficiently encouraging to justify further efforts along this line at the 
present time.” 


It is believed desirable to determine the feasibility of using seismic methods to obtain the 










surface elevation of deep permafrost, i.e., over 10 ft from the surface. 

21. DEVELOPMENT OF TESTING EQUIPMENT. A portable churn drill rig was 
developed and constructed for use in isolated locations accessible only by air transport. 
This assembly, shown in Figure 2, is powered by two small gasoline motors and weighs 
approximately 2000 lb complete with all equipment. It has been used successfully in drill¬ 
ing ground temperature holes at certain weather stations throughout Alaska with the ex¬ 
ception that it could not 
drill through boulders or 
very coarse gravel. Ap¬ 
paratus for measuring 
the thermal conductivity 
of soils has been devel¬ 
oped by the University of 
Minnesota under its con¬ 
tract with the St. Paul 
District Office. See Fig¬ 
ure 3. The design of 
this apparatus is essen¬ 
tially new, although cer¬ 
tain principles were 
adapted which were used 
in the construction of the 
hot plate apparatus for 
thermal conductivity 
tests of insulating mate¬ 
rials developed by the 
University of Minnesota 
and the apparatus used 
by the Bureau of Recla¬ 
mation in testing con¬ 
crete for thermal con- 

Figure 3. Soil thermal conductivity apparatus, June 1948 ductivity in connection 

with the Hoover (Boulder) 

Dam Studies. Complete details concerning this testing equipment are contained in the 
“Final Report, Laboratory Research for the Determination of the Thermal Properties of 
Solis", dated September 1948. The thermocouple wiring system which has been developed 
for field use in measuring ground temperatures is shown in Plate 8. A field test of vari¬ 
ous types of ground temperature measuring equipment and methods of installation was 
made at the Fairbanks Research Area. The results of this test, which are shown on Plate 
9, indicate that the uninsulated temperature units which are placed directly in contact with 
the soil are more truly representative of ground temperatures. 

22. LIBRARY RESEARCH. During the course of the investigation, a large number 
of articles pertaining to permafrost and related problems and published in the English __ 
language have been examined. A bibliography of these articles, prepared by the Perma¬ 
frost Division, St. Paul District Office is contained in Appendix II. In June 1947, contract 
agreements were completed with the Stefansson Library of New York, N. Y., whereby a 
search would be made of foreign literature (primarily Russian) pertaining to engineering 
construction on permanently frozen ground in arctic and subarctic regions, to summarize 
the contents thereof, and to furnish, upon request, complete English translations of se¬ 
lected articles. A tabulation of the various articles examined by the Stefansson Library is 
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contained in Appendix Ih Bibliographies prepared by various agencies are also given in 
Appendix II. One of the best Russian publications examined was “General Permafrost- 
ology” by M. I. Sumgin, S. P. Kachurin, N. I. Tolstikhin and D. F. TumeL. 


VII Design and Construction Studies at Fairbanks Research Area 


23. PURPOSE. The Fairbanks Research Area was constructed for the purpose of 
providing an opportunity to observe various types of structures erected on permafrost 
tinder conditions that would be known and recorded from the beginning to the conclusion of 
operations. 

24. GENERAL CONDITIONS. The Research Area is located about 2-1/2 miles 
northeast of Fairbanks. Alaska. See Plate 10 and Figure 4. The terrain on which it is 
built is characterized by a comparatively smooth gentle slope which generally provides 
good surface drainage. 

Geologically, the Re¬ 
search Area is located 
on the lower colluvial 
slopes between the val¬ 
ley fill and the upper 
colluvial slopes of the 
rock upland known as 
Birch Hill. The mean 
annual temperature at 
Fairbanks is about 
26° F with extremes of 
+88° F and -58° F. 

The total annual pre¬ 
cipitation is about 12 
in., including the annual 
snowfall of about 4 ft. 

The natural soil under-' 
lying the Research Area 
to a depth of .SO ft is 
principally silt with 
some fine sand and oc¬ 
casional layers of peat. 

Typical data for weather 
and soil conditions are 
shown on Plate 11. Un¬ 
der natural conditions, 

permafrost is encountered at depths of 3 to 6 ft below the surface. The site of the investi¬ 
gation has been divided into three areas as shown on Plate 10 and in detail for each area 
on Plates 12, 13 and 14. The general plan is as follows: 

a. Area No. 1 — ground and pavement surface studies. In this area, the effect 
of the climatic factors such^s air temperature, solar radiation, wind veloc¬ 
ity, humidity, cloudiness, and precipitation, on ground temperature, espe¬ 
cially where permafrost is present, will be determined tinder various ground 
and pavement surface conditions. See Plate 12. 







b. Area No, 2 — runway foundation studies. The effect of the construction of 
runway sections with various pavement types, insulators and base courses 
on ground temperatures are being determined. See Plate 13 for the various 
combinations of fill, insulation and surfaces constructed and under observa¬ 
tion. 

c. Area No. 3 — building foundation studies. Buildings have been constructed 
with various ground exposures and insulators to determine the effect of 
these types of foundation construction on ground temperatures, especially on 
the permafrost. Pile foundations have been studied to a limited extent from 
observation of several piles installed at various depths of embedment in the 
permafrost to determine whether the freezing and heaving of the active layer 
will displace the piles. See Plate 14. 

25. INSTALLATION AND OBSERVATION OF TEST FACILITIES. Construction at 
the Fairbanks Research Area was begun in April 1946 by the Alaskan Department with in¬ 
spection and supervision by Permafrost Field Office personnel of the St. Paul District 
Office. Core and .churn drilling operations were begun in February 1946 and completed in 
June 1946. Continuous samples were taken from all core borings with nearly 100 percent 
recovery in the frozen silt. Installation of all special equipment, such as ground tempera¬ 
ture observation equipment, was made by employees of the Permafrost Field Office. 
Clearing and stripping operations were begun in March and April 1946, respectively. Gen¬ 
eral construction operations were completed in the fall of 1947 following changes in plans 
involving the construction of additional structures. Facilities are provided in each test 
area for the observation of ground temperatures, groundwater levels, vertical movement 
of ground surface, pavement surface, or structure, probing to ground frost level, and ob¬ 
taining soil density samples. Observations of ground temperatures are presently being 
made at weekly intervals. Groundwater levels are also observed at two-week intervals 
during the open season. Vertical movements are observed at one-month intervals. Prob¬ 
ings supplemented by auger borings are made it two-month intervals to check the ground 
frost levels. Test pits are excavated and soil density tests are made as required at criti¬ 
cal places in the foundations. Climatic factors are being observed daily in the area. 


VIII Analyses of Heat Transfer in Ground 


26. PURPOSE. The purpose of the study of heat transfer made in connection with 
this investigation is to develop a method of computation, based on theory, experiments, and 
field observations, which will enable the engineer to determine, with reasonable accuracy, 
the depth of thaw in frozen ground under structures commonly built at airfields in arctic 
and subarctic regions. 

27. SCOPE. Studies have been made of ground temperature conditions under air¬ 
port runways, buildings, and access roads. Effects of moisture, density, and other physi¬ 
cal properties of ground on heat transfer have been investigated. Consideration has been 
given to various types of insulation as well as open air spaces under structures. Ground 
temperature effects have been associated with their causes such ar. solar radiation and 
other climatic conditions. 

28. REVIEW OF LITERATURE. A study of available published literature revealed 
very few references which might be used to calculate the depth of thaw of the ground. A 
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bibliography of literature pertinent to analyses of heat transfer in ground is included at the 
end of this report. The latent heat of fusion of ice complicates tbs mathematical problems 
involved. Equations exist for the temperature within a thick body having a plane surface 
and having a sinusoidal temperature variation on the surface 1,2 *. Generally, these equa¬ 
tions are of small value, if any, when applied to scii which freezes and thaws. Standard 
physics books may be used for the commonly known equations of heat flow 3 . 

a. Russian literature . A translation from the Russian work of M. I. Sumgin and 
others'* contains an equation for the depth of thaw: 


V ‘■wo ' 1 

x = depth of thawing in meters 

h = depth to plane of temperature v^ = .05 to .10 m 
k = coefficient of thermal conductivity in cal per m per 
hr per sq m per °C 

v h = average temperature at depth h in °C 
t = time of thaw in hr 

1 = latent heat of fusion of water = 79.7 cal per g 
w = moisture content in percentage of dry weight of soil 
d = dry weight of soil in kg per cu m 
v ( = average temperature of ground at a fixed small dis¬ 
tance Xj below the zero ground isotherm. 

The preceding equation gives an approximate depth of thaw; however, it is 
difficult to determine certain factors such as h and v^. In the same refer¬ 
ence by Sumgin, an equation is given for the conditions necessary for the 
existence of permafrost: 


f * factors during freezing 
u = factors during thawing 
k = coefficient of thermal conductivity 
v = average temperature of the ground at depth h 
t = time during freezing or thawing.. 


It is felt that this equation is a definite contribution and will be discussed 
later. 


b. Scandinavian literature . One of the most ou*5wir^ing publications reviewed 
was written by Gunnar Beskow s and some of the more applicable concepts 
presented are summarized here. 

“The water supply to the freezing layers in frost heaving ground 
cranes practically exclusively from capillary flow of water below.” (p 3). 


* Superior numbers refer to references in bibliography- at end of this report. 


17 





“The critical grain size for frost-heaving soil is placed at 0.1 - 0.06 
mm.” (p 25). See Table 4. 


TABLE 4 


LIMITS BETWEEN FROST-HEAVING AND NON-FROST-HEAVING SOILS 
{Table II from “Soil Freezing and Frost Heaving with Special 
Application to Roads and Railroads" by Gunnar Besicow) 


Soil Group 


Average 

Diameter 

Amount Passing 
Sieve 

larlty 

Hygro- 

scopieity 


mm 

0.062 mm 

0.125 mm 

Meters 


0. Non-frost-heaving un- 

■Sediment 

0.1 

<30% 

<55% 


_ 

der any circumstances 

Moraine 

- 

<15% 

<22% 

< 1 

- 

la. Causing frost-heave 

Sediment 

0.1-0.07 





only at surface and for 



30-50% 

- 

l-(l-3/4) 


very high groundwater 

Moraine 






lb. Same, except effects 

Sediment 

0.08-0.05 





whole road base for 



15-25% 

22-36% 



very high groundwater 

Moraine 

- 



(l-l/4)-(2-l/2) 

“ 

2. Normally frost-heaving 

Sediment 

<0.05 

>50% 

_ 


<5 

and liable to frost boils 





2-20 

1-4 

for groundwater depths 







1-1/2 m 







(moraine 1 m) 

Moraine 


>25% 

>36% 



3. Frost-heaving clays 







but not liable to bolls 

(Sediment) 

- 


- 

20-? 

5-(l0?) 

4. Non-frost-heaving 

(Sediment) 

_ 

_ 

_ 

? 

(10?) 

stiff clays 








“Under natural conditions it can be said that heaving of ground 
caused by the expansion of the existing water, independent of any water sup¬ 
ply is under all circumstances very small.” (p 38) 

“--: Water movement across a fissure can only occur over 

points of direct contact.” (p 92) 

“The rate of frost heave in a fissured clay is for practical purposes 
inversely proportional to the groundwater depth.” (p 195) 

“To summarize, then, we can say that for coarse non-frost-heaving 
poils the temperature for freezing and thawing is practically the same, and 
is very slightly less than 0° C. For frost-heaving soils there is quite a dif¬ 
ference between the frost line temperature during freezing and thawing; the 
receding frost line temperature is 0° C or very slightly less, while the frost 
line temperature during freezing is considerably lowered, being greater the 
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finer the soil is and the faster it freezes. 

“Thus in a general way, heat flow in frozen soil occurs by a smooth, 
ing out of temperature differences between two constant temperature sur¬ 
faces, the frost line and a constant temperature surface lower down repre¬ 
senting the average yearly surface temperature, (about 10-20 meters deep) 
below which there is no temperature variation at any level.** (p H6) 

“The effect then of the ground surface temperature is that it deter¬ 
mines the greatest possible frost depth.** (p 117) 

“The effect of vegetation is, as a rule, to lower the temperature, 
since it is a better insulator during the warm period of the year than during 
the cold.” (p 123) 

An equation for the depth of frost (p 134) is as follows: 



x = depth of freeze in cm 

t = time that surface temperature is below 0° C in hr 
k f = heat conductivity of frozen soil in cal per cm per 
sec per °C 

v 0 = average of surface temperature daring freezing 
season in °C 

P = “frost storing capacity*' 

P = 79 ' 7 w d+ -T (0 * 45 life d - °* 55d) cal P* r cm3 

Jjjjj d = weight of water per unit volume of soil 

79.7 = latent heat of fusion of water in cal per g 
0.45 = approximate specific heat of ice in cal per cm 3 
d = dry density of the soil in g per cu cm 
w = water content of the soil in percent of dry weight 
0.55 = specific heat of soil. 

The product v Q t is called the “freezing resistance** and is determined by 
measuring the area under a time-temperature curve for the air by means of 
a planimeter. Complicating factors in determining the depth of frost are 
snow cover, heat radiation, heat conduction from below, freezing point of 
soil, etc. Each layer of soil parallel to a plane surface requires a definite 
number of degree-hours to freeze as given by the following equation (p 138): 


F = “freezing resistance** of layer 1 
bj = thickness of layer in cm 
Pj = frost storing capacity in cal per cm 3 . 
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Practical measures to avoid frost damage are discussed* It is stated that 
frost damage depends mainly on unevenness of heaving, different degrees of 
heaving at different parts of the structure, causing breakage and deflections. 

“In most cases, a practical objective is to prevent heaving from 
reaching disastrous degrees of inequality. Sometimes, as in the case of 
most buildings, it is necessary to prevent all or nearly all movement, usu¬ 
ally by excavation to ‘frost-safe depth* and refilling with non-frost heaving 
material. But in the case of roads, runways and railways, a rather large 
amount of heaving may be tolerated, the crux being to avoid abruptness (both 
for sake of pavement and ease of traffic movement). Here one should aim at 
moderating and smoothening of heave action, e.g., through cutting off the 
peaks of the frost heave curve. It is not difficult to minimize frost action by 
excavation and filling when expense doesn’t matter, but it takes expert judg¬ 
ment to select the simplest and cheapest way to reach the right reduction in 
frost heaving.** 

- - -, the main frost damage of roads is due to the softening of 
soil from melting ice lenses, causing a decrease of bearing strength in the 
soil. For silts, especially, the mechanical effect of this water excess may 
be tremendous (‘frost boils’). This melting phenomena is not dealt with in 
this book; for roads without concrete pavement, it i<; the really disastrous 
consequence of frost action. Frost pr eventive measures practiced in Scan¬ 
dinavia are aimed principally to guard against this softening due to melting 
of the subgrade soil, thus, e.g., the depth of excavation and insulating back¬ 
fill are dimensioned purely in order to insure that the bearing capacity is 
sufficient. In these cases, the backfill thus does function as a sub-base 
layer.*’ 

-In the article “Scandinavian Soil Frost Research of the Past Decade”, Pro¬ 
ceedings of the 27th Annual Meeting of the Highway Research Board 6 , Mr. 
Beskow again describes methods of computing frost depth from temperature 
conditions and material properties. 

American literature . F?*r the case discussed in his article “Prediction of 
Temperature-Distribution in Frozen Soils”, Part HI, Transactions of 1943, 
American Geophysical Union 7 , Mr. W. P. Berggren develops the theory in a 
remarkable manner, but he points out that the Stefan equation 



is “almost an exact solution” when the latent heat of material is large com¬ 
pared to its heat capacity and when the temperature of the soil is equal to 
the freezing point. 

x = deptn of freeze 

kj= thermal conductivity of frozen soil 
3L = latent heat per cu ft 
32 = freezing point of material in F 
v c = fixed subfreezing surface temperature in °F 
t = time in hr. 
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31. SURFACE TEMPERATURE. Surface temperature is one of the factors in the 
equation for depth of thaw. It is dependent upon the solar radiation received and emitted 
heat lost to the air by condu^;ion and convection, heat lost or gained due to evaporation or 
condensation of surface moisture, thermal diffusivity of the soil below the surface, and 
heat transferred from the interior of the earth. Surface temperature data are not com¬ 
monly available for most areas. However, air temperatures which are observed at all 
weather stations are related to surface temperatures. Normally, the surface of the earth 
heats the air so the surface is warmer than the air. Observations of air and concrete 
surface temperatures by the Minnesota Highway Department during January and June 1941 
are shown in Plates 1? and lf<, respectively. It may be noted that during periods of sun¬ 
shine (high solar radiation), the surface temperature was much higher than the air tem¬ 
perature. During cloudy periods the air and surface temperatures approached each other 
more closely. A graph of average monthly temperatures (Plate 19) shows the general re¬ 
lationship between air and concrete surface temperature--. Snow cover affects both air 
temperature and surface temperature, because of its ability to reflect solar radiation, its 
low conductivity, and its latent heat. It is thought that snow cover need not be considered 
a depth of thaw problem in airport maintenance, since roads and runways generally are 
kept clear of snow. Vegetation affects air and surface temperatures because of shading 
and transpiration. The quantitative effect defies analysis, but the qualitative effect of veg¬ 
etation is to lower the mean annual temperature of the surface and to conserve perma¬ 
frost. Vegetation may be very important when it is the purpose of the engineer to main¬ 
tain permafrost. 


32. DEVELOPMENT OF EQUATIONS, The basic concept used in the development 
of the equation for depth of thaw used in this report is the well-known electrical equation: 


( 1 ) 


I = current in amperes, or coulombs per sec 
E = difference of potential in volts 
R = resistance in ohms. 


which is similar to the heat equation: 



Q = quantity of heat in Btu per hr 
T = temperature difference between surfaces in °F 

R = ^ = thermal resistance tn °F per Btu per sq ft per hr 


b = average thickness of a layer in ft 
k = thermal conductivity in Btu per hr per °F per sq ft 
per ft of thickness. 


( 2 ) 


Note: In the thermal conductivity studies described in Chapter V and the summary plots. 
Plates 4 to 7, inclusive, k is expressed in Btu per sq ft per hr per unit thermal 
gradient in °F per in. To make these values dimensionally homogeneous for use in 
heat transfer studies, they must be divided by 12, thus converting to the units stated 
above. 


The following equation is the standard heat equation: 
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( 3 ) 


„ k(vj - v 2 )At (vj - v 2 )At x 

- -5-= -57k-= r a * 

Q = total quantity of heat transferred in Btu*s 
A = area in sq ft 

Vj = temperature of one face of conducting layer 
v 2 = temperature of other face of conducting layer 
t = time in hr 

When A = 1 and t = 1, Q = T/R. 


The temperature gradient in the ground closely approximates a straight line during the 
thawing season. When time is measured in days ar.d a one-square-foot area is considered, 
equation (3) may be written: 


(4) 


Q = total number of Btu’s per thawing season 
I = Tt = maximum number of degree-days of 
thaw based on surface temperature. 


I is the thawing index and is determined by a summation of the degree-days of thaw based 
on the average daily temperatures during the thawing season. 


a. Correlation of air and surface temperatures. Since air temperatures are 
~ generally available and surface temperatures are not, a study has been 
made of data from Fairbanks, Alaska to determine the relation between a 
thawing or freezing index calculated from air temperature and indexes cal¬ 
culated from the temperatures of different types of surfaces with the ther¬ 
mocouples so installed that they were partially embedded in the surface. 

This study has resulted in correction factors for various types of surfaces. 
Data presently available indicate values for the correction factor as shown 
in Table 6 for the horizontal surfaces investigated. The method of deter¬ 
mining the correction factors for the various surfaces investigated is shown 
on Plates 20 and 21. Air temperatures are based on data collected by the 
U. S. Weather Bureau at Weeks Field in 1947 end early 1948. Surface tem¬ 
peratures are those obtained at test sections in the Fairbanks Research 
Area during the same period. The correction factor is merely the ratio of 
the degree-days above or below zero°C for the surface temperature to the 
degree-days of the air temperature during the same period. The degree- 
days are most simply obtained by planimetering the area between the zero 
°C line and the air or surface temperature curve. Studies of the correction 
factor are being continued for die succeeding year’s observations. These 
data indicate that, on the average, the ground surface temperature under a 
cover of trees, brush and moss is only one-third as high above freezing as 
the air temperature during the thawing season. Bituminous surface temper¬ 
atures averaged twice as high above freezing as the air temperatures during 
the same period. Snow was removed from the bituminous, concrete and 
gravel surfaces and left in place on the other surfaces. Further studies 
should be made to verify and increase the scope of these correction factors. 


b. Heat flow into the ground. The heat which flows into the ground thaws 
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TABi_E 6 


COMPUTATION OF CORRECTION FACTORS 
SUMMER 194? 


FIELD RESEARCH AREA 














frozen ground and raises the temperature of both thawed and frozen ground. 
If the heat which raises the soil temperature is ignored, a small error is 
introduced. This error is one of safety as far as design is concerned since 
it results in a calculated depth of thaw greater than the actual thaw. Con¬ 
sidering only the latent heat of fusion, the number of Btu's per sq ft of area 
required to thaw the soil to depth “h** is: 

Q = xL (5) 

x = depth of thaw 

L = latent heat of fusion of water per cu ft of soil (143.4 
Btu per lb of water) 

L = 1.434 wd 


w = water content of the soil in percent of dry 
weight 

d = dry density of the soil in lb per cu ft. 

In the case of one thawing layer, the average resistance during the period 
that thaw is taking place may be written 



The equation for the depth of thaw in. one homogeneous soil layer is derived 
by equating (4) and (5) and using the average resistance: 


24I g 241 g 48kl g _ 48kI a C 
° = XL = RTF = x/2k ' T 

I g = thawing index based on ground surface temperature 
I a = thawing index based on air temperature 
C = correction factor for a specific surface in equation 



( 6 ) 


(7) 


Equation (7) is the same as Equation 83 in Addendum No. 1, 1945-1947, to 
Report on Frost Investigation 1944-1945, published by P'rost Effects Lab¬ 
oratory, New England Division, October 1949, with the addition of the cor¬ 
rection factor. 


Depth of thaw in ground. The depth of thawing in ground composed of one or 
more different strata of materials may be computed very closely by deter¬ 
mining the part of the annual corrected thawing index required to melt the 
ice in the voids of each stratum. The summation of these partial indexes in 
the various strata, equal to the annual corrected thawing index for the lo¬ 
cality and existing ground surface, may be used to determine the depth of 
thaw. From (6) the partial index required to melt the ice in the top layer is: 

i -hh. -l 

1 24 * 2 
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where Lj = latent heat of water per cu ft of soil. 

b j = thickness of soil layer in ft 
b l 

R, = — = thermal resistance of the soil layer 
k l 

kj = thermal conductivity of the soil layer. 

The partial index required to melt the ice in the second layer is: 
L 2 b 2 

The partial index required to melt the ice in the “n*'th layer is: 

Lb R Lb b 


( 9 ) 


( 10 ) 


The summation of partial indexes 1^ + 1^ +-I n is equal to the annual cor¬ 

rected thawing index. The total depth of thaw “x** is equal to bj + b£ + —- + 
b n . The term b n maybe equal to or less than the thickness of the *'n**th layer. 

d. Sample computation of depth of thaw. A sample computation of depth of thaw 
in ground composed of several different soil layers is given in Table 7. The 


Layer Material 


"b“ "4" Water 1.434 wd 

Thick- Dry Content Voiu- “k" „ b 

aeaa Denelty of Soil metric Thermal k 

of of Soil to Latent Conductivity Thermal 

Layer lb/ ft of Heat of Btu/sq ft/ Resist- -- 

toft cuft DryWt Fualoo hr/°F/ft - T “ 


I * Thawing Index 

L. b, R, 

“t 


Thatrin* index for 1947 based on air temperature 1 

1 Asphalt 0.4 150 0.0 

2 Gravel (CW) 3.8 143 3.7 

3 Silt. (MH) 2.5 99 27.7 

4 Peat 1.5 25 81.9 1 


. Corrected • 3055 * 2.19 » 4490. 


* 0.83 3.02 2.55 4.04 

• 0.17 8.80 5.57 9.97 


759 « 3.3 . 1,51 

- u -* 

3932 a 2.5 a 4.04 

2934 » 1.5 » 9 97 


5 Silt I. Peat 1.0 U 

* Jill «t Peat x*7£§f 78.2 

Sohiag for x la Layer 4 
4429 


50.0 


4445 

4429 


14.57 15.37 


4445 « 


» 15.37 


TT 1 °* 65 o^5 ,6 -” lfc - 37 ♦ TJS 


4429 « x . (14.37 t^;) 


*x .{14.37 +-J25)* 1*0 185x (14.37 +- ISO . 0 302Sx ♦ I46.8x z - If 

20.4,-,.2-0 < - L-20.4 1 JE9. ^,-S 5b Z .o. 05 


Kota: Cemputad depth * 


* 9.25 ft. Actual depth * 10.2 ft. 
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thawing index for 1947 based on air temperatures at Fairbanks was 3055. 

The correction factor for a bituminous surface is 2.19. Values for thick¬ 
ness, density, and moisture content of the various soils are based on field 
tests. Values of thermal conductivity were obtained from Plates 4 and 6 and 
the final report of the University of Minnesota on the tests of thermal prop¬ 
erties. The computed and actual field test data are plotted in Plate 22. 

e. Volumetric heat . The above analysis does not take into account the heat 

necessary to raise the ground temperature above the freezing point. Inmost 
cases, this additional heat is of relatively small importance as compared 
with the heat required to melt the ice in the soil. However, under those con¬ 
ditions where the soil contains little moisture, the available heat energy is 
used principally in raising the soil temperature. Such a condition can occur 
where a porous gravel fill is placed above the natural groundwater table. A 
relatively small amount of heat is expended in heating the dry gravel while a 
large amount of heat is expended in melting ice below the groundwater table. 
The amount of heat used in raising the temperature of moist soil one degree 
Fahrenheit is: 


1.0 wdb 
100 


+ cdb 


where b = thickness of soil layer in ft 
w = water content of the soil in 
percent of dry weight 
d = dry density of the soil in lb per 
cuft 

c = specific heat of soil 
1.0 = specific heat of water. 


(ID 


The amount of heat required during the thawing season to raise the temper¬ 
ature of the moist soil to the mean temperature during the period is equal to: 


Idb / w 
2t l 100 


c) 


( 12 ) 


where I = thawing index in degree-days 

t = number of days in thawing period 


A more exact calculation of depth of thaw would include' the above factors in 
equation (6). For solutions in which both the latent heat of fusion and the 
volumetric heat capacity of the soil are included, reference is made to Table 
8 and Appendix A of Addendum No. 1, 1945-1947, to Report on Frost Investi¬ 
gation 1944-1945, published by Frost Effects Laboratory, New England Divi¬ 
sion, October 1949. 


j[. Computed depths of thaw in various soils . Computed depths of thaw for uni¬ 
form layers of peat, silt loam, sand, and gravel from Northway and the Re¬ 
search Area near Fairbanks, Alaska are shown in Plate 23, It may be noted 
that for a given density condition, large variations in moisture content have 
very little effect on the depth of thaw in peat and silt ’oam and that the vari¬ 
ation in depth between the high and low density conditions is only a few feet. 
From the knowledge of the fact that the thermal conductivity increases gen¬ 
erally as the moisture content increases, it may appear strange that the 
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depth of thaw does not also increase as the moisture content is increased. 
However, the latent heat ox fusion capacity of the soil varies in proportion to 
the moisture context and, in the case of the peat and silt loam studied, acts 
to very nearly compensate for the increase in thermal conductivity. In the 
cases of sand or gravel, the latent heat of fusion capacity increases faster 
than the effect of thermal conductivity and, as a result, the depth of thaw is 
less in wet than dry sand or dry grave). The effect of density on depth of 
thaw is very pronounced in sand or gravel with a range of about 15 ft from 
maximum to minimum. High density in either the silt loam or gravel causes 
thawing to greater depths than does low density. It is evident that greater 
depths of thaw are likely to occur in coarse-grained material such as gravel 
than in fine-grained material such as silt loam. 

g. Effects of fills on frost action . In normal construction operations, it is usu¬ 
al practice to place fills x.t the highest practicable density to support struc¬ 
tural loads. Such fills, which are generally coarse grained, will produce 
conditions most suitable for deep thawing. The tests and studies reported 
on herein indicate that it is impracticable to construct fills under runways 
or large buildings to sufficient depth to entirely prevent thawing below the 
fills. Frost heaving in itself is not generally damaging to a runway or high¬ 
way if it is uniform. However, where the subgrade is not uniform in soil 
characteristics, differential heaving can be expected. Although it may be 
somewhat difficult to operate traffic over pavements where differential 
heaving has taken place, the most serious effect of the frost action is due to 
the loss in bearing capacity of the subgrade during the period that the ice 
lenses are melting. Since frost action in soils depends, among other things, 
on the grain size, available water supply, and capillarity of the soil, it is 
possible, according to Beskow, to reduce frost action by constructing in the 
fill a well-drained layer of coarse-grained soil having low capillarity. The 
effect of this layer is to break the capillary flow of water to any fine-grained 
soil placed above it. In general, the fine-grained material is a better ther¬ 
mal insulator than the coarse-grained. Thus, a combination of layers of 
fine and coarse materials may, under certain circumstances and withproper 
drainage techniques, prove to be the most satisfactory solution. Medium 
sand has a capillarity of only a few inches; therefore, a one-foot layer of 
this material, if well drained, would normally be ample to insure that the 
fine-grained material placed above did not receive sufficient water to form 
ice lenses and cause heaving. Frost heaving is not caused in any soil by the 
water normally contained in the voids but only by the water drawn from 
groundwater reservoirs by capillarity. It is known that water exists in soil 
in the form of vapor and moves by diffusion from points of high to low vapor 
pressure. Such pressure differences occur as the result of temperature 
differences or differences in capillary tension between surfaces. Tempera- 
Cure differences during the fall when freezing occurs from the ground sur¬ 
faces tend to cause vapor travel in the soil to the cold surface. In the spring 
with the warming of the ground, surface vapor travel is downward to the 
colder interior. According to Beskow 5 , “the diffusion due to temperature 
difference is so small, that for water flow in frost-heaving soils (being only 
a few mm per day), it is of no importance”. 

h. Thawing under buildings . Thawing under a building depends to a large ex- 
tert on the size of the building. A long, narrow building will have a lesser 
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depth of thaw than a square building with the same ground area because of 
the differences in heat flow laterally. In general, the depth of thaw in per¬ 
mafrost under a building subject to a uniform interior heat condition is pro¬ 
portional to the square root of the time during which the heat condition is 
maintained. This may be deduced from the development of the formula: 



where I = total thawing index in degree-days up to any given time “t” 
T r temperature difference between building floor and perma¬ 
frost surface. 


Sample calculation of thawing under a building. A sample calculation using 
this formula and available data from observations of the hangar at Northway 
Airfield, Alaska is as follows, based on uniform soil conditions and the as¬ 
sumption that there is no lateral heat flow: 

Sandy soil w = 25f. d = 93 lb/eu ft k = = 1.62 c = 0.1 ? 

T = 60° (at floor surface) - 32° = 28° 


L = 143.4 wd = 143.4 : 


* 93 = 3334 Btu per cu ft. 


The hangar was constructed in 1943 and heating started on 1 November 1943. 

(l) Computed depth of thaw to 1 November 1945 = 730 days after construc¬ 
tion. 


48 x 1.62 x 28 x 730 
_ , 28 x 93 , „ ,, 


/ 1,590,000 /- 

3334 + 560 " ~ 20 * 2 ft 


Actual depth was 20 ft. 

(2) Computed depth of thaw to I November 1946 = 1095 days after construc¬ 
tion. 

x = 20.2 IlS21 = 20.2 x l.c25 = 24.8 ft 


Actual depth was 22.5 ft. 
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(3) 

(4) 


Computed depth of thaw 



Computed depth of thaw 
* = 20 .?. /!%«£. 20.2 


in 10 years, t = 3650 days. 
2.24 = 45.2 ft 

in 30 years, t = 10,950 days. 
* 3.88 = 78.4 ft. 


A graph of these computations is shown in Plate 24. The size of this build¬ 
ing is 162 by 208 ft and the concrete floor was placed directly on a sand and 
gravel fill. For a building with a large ground area, these calculated depths 
would be very nearly correct at the center of the area. However, lateral 
heat flow would reduce the accuracy at the edges. 


j. Heat transfer through building floors . Calculations have been made to de¬ 
termine the over-all coefficients of hea* transmission for various types and 
thicknesses of floor construction in buildings with relatively large floor 
areas in which edge effects are minimized. This coefficient is equal to the 
heat transmission through the floor in Btu per hr per sq ft per °F. It is 
computed from the equation: 


“ R t " R, + R 2 + Rj+-+ R n 

where R = i or or — = thermal resistance, 
k f a 

R t = total thermal resistance 
Rj = thermal resistance of layer no. 1 
x = thickness of material 
k = thermal conductivity of material 
f = film or surface conductance 
a = air space conductance. 

The above equation is a standard equation which may be found in any book on 
heat transfer studies, such as the “Heating, Ventilating, and Air Condition¬ 
ing Guide”. 12 The results of these calculations are shown in Plate 25. It is 
evident that a still air space under the floor very materially reduces the 
heat flow to the ground especially for the thinner floor thicknesses. Wood 
floors and insulation are also effective in further reducing the heat flow. 
Where it is desired to further reduce the heat flow into the ground, it can be 
accomplished by circulating cold air between the floor and the ground. The 
required velocity of air movement can be computed* as follows: 

(1) Heat flow through a composite floor = AU (t j - t 2 ) 

A = area in sq ft 

U = over-all coefficient of heat transmission 
{tj - t 2 ) = temperature difference between surfaces. 

(2) Heat removal by air movement = c a q (t 3 - t^) 

q = air volume in cu ft per min 
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c a = specific heat of air = 0.019 at 32° F 
(tj - t^) = temperature difference of entering and 
leaving air, 

(3) If it is assumed that (tj - t 2 ) = 10 (t 3 - t 4 ) and A = 1 sq ft, then: 1GU = 
0.019q or U = 0.0019q and velocity V = q. The required air velocity to 
dissipate the heat conducted through the floor = _glL_. For a 2-in. 
concrete floor: * 


U 


i+ * + i 

f k a 


1 

2 , 1 


1.65 7ZU 0.94 


.54? 


33. CONDITIONS NECESSARY FOR THE EXISTENCE OF PERMAFROST. For 
permafrost to exist without change from year to year, the average annual temperature 
gradient in the ground in a homogeneous soil layer below maximum seasonal thaw must 
remain the same. Since heat flows from the depths of the earth to the surface, the tem¬ 
perature gradient must be negative toward the surface as heat always flows from warmer 
toward colder regions. The depth of the bottom of permafrost is a function of the natural 
temperature gradient in the ground and of the mean annual surface temperature. When the 
mean annual surface temperature and the "■smperature gradient in the soil are known, a 
projection of the gradient to 32° F gives the approximate depth of permafrost, provided 
that the soil characteristics in the projected depth are the same as in the known depth. 


34. EQUATION FOR UNIDIRECTIONAL HEAT FLOW. If the mean annual tempera¬ 
ture of the surface or any soil layer below the surface is raised, the heat balance is de¬ 
stroyed and the natural temperature gradient is changed. The soil layers change temper¬ 
atures according to the equation for unidirectional flow; 

6 V _ k 6 Z V 
5 t" C 6 x 2 
V = temperature 
t = time 

k = thermal conductivity 
C = volumetric heat capacity 
x = depth 


The new temperature gradient from the bottom to the top of permafrost decreases the heat 
flow from the bottom and, since the heat flow from the depths of the earth does not change, 
less heat flows to the ground surface from the bottom of permafrost than is received 
there, resulting in thaw at the latter plane. In other words, raising the mean annual tem¬ 
perature of the earth’s surface results in decreasing the thickness of permafrost. This 
thawing at the bottom of permafrost is very slow, but it continues until the heat flowing to 
and from the bottom of permafrost is in equilibrium. 

35. ANNUAL CYCLE OF GROUND TEMPERATURE CHANGES. During the annnal 
cycle of temperature change in the top layers of the earth, heat flows into the earth as 
long as the surface temperature is higher than that of the layer adjacent to the surface and 
heat flows out when the reverse is true. This means that heat flows into the ground from 
shortly after the time of coldest surface temperature to shortly after the time of warmest 
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temperature. To maintain the same m’in annual temperature, the surface possesses the 
same amount of heat energy on the a’ ^rage from year to year. Expressed another way, 
the heat lost by the surface by any method whatsoever must equal the heat gained. 

36. HEAT LOSS BY SURFACE CONDUCTANCE. Heat is lost by the surface to the 
atmosphere and outer space by surface conductance during all of the year. The definition 
of surface conductance makes no distinction as to the method by which heat is transferred 
from a surface to the air; conduction, convection, and radiation all play a part. An in¬ 
crease in wind velocity produces an increase in surface conductance. When a cold wind 
blows, the so-called “chill effect** is noticeable; objects and people are cooled rapidly. 
When air is moist, its specific heat is greater, which mes's that a cool, moist wind can 

ower the temperature of a ground surface more than a cool, dry wind because the heat 
that passes from the surface to the air does not raise the temperature of the moist air as 
much as it would the dry air. The surface conductance includes radiation, and since the 
energy radiated from a body is a function of the fourth power of its absolute temperature, 
the surface conductance of the ground surface is higher in the summer than in the winter. 
Surface conductance tends to equalize surface temperature ard air temperature. However, 
other factors such as moving air masses, evaporation, transpiration, daily radiation 
cycles, snow cover, latent heat, type of surface, localized shading, reflected radiation, cy¬ 
cles of low and high -'•'-'ospheric pressure, and so forth, will make surface temperatures 
somewhat differs- he air temperatures as observed by the Weather Bureau. 

37. SIGN*. ... .VCE OF SURFACE TEMPERATURES. As long as there is a surface 
temperature higher than 32° F, it is possible that frozen soil is melting below the sur¬ 
face. Evsn though the surface terrocrature is below 32° F at the end of the thawing sea¬ 
son, there may be heat stored in the ground between the surface and the thawing layer 
which causes thawing to continue for some time. As long as the surface temperature is 
below 32° F, it is possible that soil is freezing. 

33. EQUATIONS FOR HEAT FLOW DURING THAWING AND FREEZING SEASONS. 
Near the end of the freezing season, in r. gions of permafrost, the seasonally thawed layer 
generally has been completely frozen, and the ground is being cooled below the freezing 
point. To maintain the level of the upper surface of the permafrost layer, it is only nec¬ 
essary to freeze back in winter that which has chawed during the previous summer. How¬ 
ever, if the mean annual temperature of the ground . ;rface is raised, permafrost will 
melt upward from the bottom because of the decreased gradient in the permafrost. As¬ 
suming that the temperature of the soil below seasonal freeze is 32° F, that the tempera¬ 
ture gradients in homogeneous ground in the active layer during the thawing season and 
the freezing season are approximately straight lines (an assumption which ground temper¬ 
ature rea^irge show to be reasonable), r.nd that the depth of the frozen ground at the "nd of 
the freezing season is equal to the deptu of the ground thawed during the thawing season, 
then the approximate amount of heat which flows into the ground during the thawing season 
per square foot of level «round is: 



Q u = total amount of heat in Btu’s which enters the ground 
during the period the ground thaws 
k u = therma. conductivity of the thawed soil 
G u = average surface temperature in °F during the thaw¬ 
ing season minus 32 

t u = number of days the surface + emperature is above 32° F 
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x = maximum depth of thaw in ft 
x /2 = average depth of thaw during season 
24 = number of hr in a day 
I = G u t u = thawing index or number of degree-days 
of thaw. 

Similarly, the equation for the heat flow during the freezing season may be written: 

Q k f°f t f(24) 48 kf F 

Qj = total amount of heat which flows out of the ground 
during the freezing season 
k { = thermal conductivity of the frozen soil 
G { - 32 minus the average surface temperature during the 
freezing season 

t f = number of days the surface temperature is below 
32° F 

F = G f t f = freezing index or number of degree-days of 
freeze. 

Since the heat necessary to thaw layer x is equal to the heat given up in freezing it, and 
any other heat involved is neglected as an approximation, the preceding equations may be 
combined: 

k u l = k f F 

This means that, tinder the conditions given by the equation, no permafrost exists and sea¬ 
sonal thaw is equal to the seasonal freeze. 

39. EXISTENCE OF PERMAFROST. When seasonal thaw does not melt all of the 
frozen ground, permafrost f’oes exist, and: 

k £ F> k u I 

I 

k u F 

For Fairbanks silt loam, conductivity values determined by experiment are : 10 

Dry Density Moisture Content Mean Temp Therma. Conductivity 
lb/cu ft Percent °F Btu/sq ft/hr/°F/in.' 

93.3 24.4 40.0 9.55 

93.3 24.2 24.9 13.23 

kj is 23 X 

Then — = — = 1.39, and —, the ratio of thawing and freezing indexes based on surface 

temperatures, must be less than 1.39 for permafrost to exi ;t. It should be noted that the 
ratio an be greater than 1.00. In other words, permafrost can exist even though the 
thawing index is greater than the freezing index. 

40. SOIL MOISTURE CONTENT VERSUS THERMAL CONDUCTIVITY. The thermal 
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conductivity of ice is approximately 16 Btu per sq ft per hr per °F per in. and of water 4 
Btu per sq ft per hr per °F per in. which makes the ratio of the two 4 to 1. The conduc¬ 
tivity of frozen soil is a function of the moisture content. Under most conditions, the 
greater the moisture content, the greater is the ratio of the thermal conductivity of the 
soil frozen to that of the soil thawed. The preceding statements being true, the ratio of 
thawing index to freezing index may be larger for higher moisture contents than in the 
above example and not violate the conditions necessary for the existence of permafrost. 
Plates 26 and 27 show how the ratio of the thermal conductivity at 25° 'F to the thermal 
conductivity at 40° F varies with moisture content in silt loam and sandy soils, respec¬ 
tively. It may be seen that moisture content is definitely a factor in causing permafrost. 


41. RATIO OF THAWING INDEX TO FREEZING INDEX, FAIRBANKS. It has been 

found by study of the Weather Bureau records at Fairbanks, Alaska that the ratio of 

based on air temperatures was A £._ or 0.61 for the summer of 1947 and the winter of 
5042 

1947-1948, see Plate 28. For bituminous surfaces, the corrected thawing index is 2.19 » 
3055 or 6690, and from available information, it is known that the corrected freezing index 

is 0.72 * 5042 - 3630. The ratio ^ = 1.84 = —i. To maintain permafrost in silt 

loam soils under these conditions, very high moisture contents are required. See Plates 
kf 

26 and 27 for values of . Plate 28 shows in graphic form freezing and thawing indexes 

at Weeks Field, Fairbanks, Alaska during the period that weather records have been ob¬ 
tained. 


42. EQUATIONS FOR THAW AND FREEZE IN SATURATED GRAVEL. Assuming 
the thickness of thaw in the saturated gravel to be layer X ttfid the heat lost during Lie 
freezing season to be just sufficient to freeze back layer x, the approximate amount of 
heat conducted per square foot may be written: 

o 


24F 


24F 






* li Zr + JL 


2 k f 


* (24) _ 


241 


r l +r 2 + T 
and Q f = Q t , 

24F _ 241 


2 k , 


Zr +- 
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2r = thermal resistance down to the thawing layer 
x = thickness of the thawing or freezing layer 
k u = thermal conductivity of layer x thawed 
k f = thermal conductivity of layer x frozen. 


For permafrost conditions: 




2 r + 2k T 

Q > Q and-should be greater than ~. 

v - + x F 

“ r ir f 


43. TEMPERATURE GRADIENT VERSUS THICKNESS OF PERMAFROST LAYER. 

In general, the natural temperature gradient in the ground Is the be^t means of estimating 
the thickness of permafrost. Permafrost melts upward from the bottom when the gradient 
in the ground is decreased. The gradient is changed by changing materials at the surface 
because any change whatsoever affects the ratio of thermal conductivities and indexes. 
Depth of thaw is a function of the amplitude of surface temperature oscillation. An esti¬ 
mate of the maximum rate of thaw of permafrost upward from the bottom may be made. 
Under natural conditions, it may be assumed that the temperature gradient in the perma¬ 
frost from about 30 ft down is stable and that the heat flow to the surface of the earth is 
the same as the heat flow from lower depths to the bottom of permafrost. It is recognized 
that this assumption is not strictly true because of the changes being made in the earth’s 
climate. When the thermal gradient in permafrost is diminished to zero by causing thaw to 
exceed freeze at the surface, a condition for maximum rate of thaw at the bottom has been 
brought about. All the heat which flows to the bottom of permafrost from below thaws the 
frozen ground, and this heat is equal to: 

dT 

dQj = dQ^ = kAdt = LdXj = 1.434 wddx^ 


dQ j = heat flow to the bottom plane surface of permafrost 
from below 

dQ 2 = heat flow to the surface of the earth from the bottom, 
plane surface of permafrost when gradients are stable 
dT 

= thermal gradient in permafrost 


k = thermal conductivity of permafrost at point where 
thermal gradient is determined 
A = area = 1 sq ft generally 
dt = time in hr 

143.4 = latent heat of fusion of 1 lb of ice in Btu’s 

w = moisture content of soil in percent at the bottom, plane 
surface of permafrost 

d = dry density of soil at the bottom, plane surface of 
permafrost. 


The rate of thaw may be written: 


& i __k_ dT k dT 

dt 1.434wd dx X * 1.434wd dx 
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At Umiat, these approximate data were estimated: 

= A—(from temperature observations) 
dx 58 ft 

w = 30 percent (by estimation) 
d = 85 lb per cu ft (by estimation) 

k = 1.08 Btu per sq ft per hr per °F per ft (from chart, Plate 5) 
Approximately 

a *i - uwrmm * w' (365 >' (24) ■ °- 044 “• 

which means that the approximate maximum rate of thaw is 0.044 ft per year, or that it 
would take at least 22.7 years to thaw one foot of permafrost upward from the bottom by 
means of heat from the earth. This value is meant only to give the order of magnitude be¬ 
cause of the nature of the data. 

44. SUMMARY. The theory for depth of thaw developed in this section is used in 
the following section to calculate the depth of thaw in certain parts of the Fairbanks Re¬ 
search Area at Fairbanks, Alaska. These calculated depths are compared with observed 
depths of thaw. In most cases, the compared values are very nearly the same, and it is 
considered that the equation used is substantiated. In order to extend this study, more in¬ 
formation is required concerning the moisture, density, and thermal conductivity of soils 
in place adjacent to the temperature wells at the various field installations in Alaska. 


IX Analysis of Observations — Fairbanks Research Area 


45. GENERAL.. Thermal diffusivity is the property of a material which permits it 
to diffuse or disperse heat in all directions and is an index of the facility with which a 
material will undergo temperature change. Mathematically, it may be expressed as 

This equation shows that those factors which increase the conductivity of a material also 
increase the diffusivity, ’/hile factors which increase the specific heat and density reduce 
the diffusivity. Variations in density have a direct effect on thermal conductivity and, as 
stated above, have an inverse effect on diffusivity. In the case of soiis, the resultant ef¬ 
fect of increases in density is to cause substantial increases in diffusivity especially at 
the lower moisture contents. The effect of freezing a soil is to increase the diffusivity in 
proportion to the quantity of moisture it contains. 

46. CROUNDWATER. Plate 29 shows typical groundwater contours superimposed 
on a topographic map of the Fairbanks Research Area. The general slope of the ground- 
water surface is essentially the same as the ground surface. During 1948, groundwater 
was at higher levels than in 1947 because of greater rainfall. In 1947, the groundwater 
level generally followed the recession of seasonal frost. Frequently, no free water was 
encountered above the frozen ground, although the soil had a high moisture content. 
Studies of groundwater data indicate that groundwater levels in fine-grained soils over 
permafrost fluctuate more rapidly than might be expected. It is probable that much of the 
groundwater flow is through earth cracks formed during extremely cold weather as well 
as through voids left after melting of ground ice. 
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47. MOISTURE CONTENT OF SOILS. In general, it may be stated that the mois¬ 
ture content of the silt soils in the Research Area varied between 25 and 50 percent at all 
depths except where peat was present. The effect of peat was to increase the moisture 
content up to 300 percent of the dry weight of the material depending on the amount of peat 
in the soil. 

Area No. 1 — Fairbanks Research Area 


48. PURPOSE. Area No. 1 of the Fairbanks Research Area was constructed for the 
purpose of determining the effect of various surface conditions on heat transfer into the 
ground. The surface conditions included an undisturbed area with natural cover of vegeta¬ 
tion including moss, brush, and spruce trees; an area with brush and trees cleared; an 
area stripped of all vegetation; and a concrete area composed of three sections with natu¬ 
ral, white, and black surfaces. 

49. GROUND TEMPERATURES. Detailed information on the variation in ground 
temperatures for the various test sections is contained in Appendix III. Depths of thaw 
below the ground surface on the first of each month during the thawing seasons of 1947 and 
1948 are shown in Table 8. 


TABLE 8 
DEPTH OF THAW 

FAIRBANKS RESEARCH AREA NO. 1 
1947 AND 1948 


Date 





A 

B 

C 

DB 

DN 

DW 




Cleared and 

Black 

Natural 

White 

1947 

Natural 

Cleared 

Stripped 

Concrete 

Concrete 

Concrete 

1 May 

_ 

0.0 

0.8 




1 June 

1.5 

1.6 

1.9 




1 July 

2.5 

3.0 

3.0 




1 Aug 

3.0 

4.0 

4.3 




1 Sept 

3.2 

4.2 

5.1 




1 Oct 

2.9 

4.3 

5.7 




1 Nov 

- 

3.7 

6.0 




Maximum 

3.2 

4.3 

6.0 




1948 







1 May 

0.0 

0.0 

0.0 

_ 

0.0 

_ 

1 June 

1.1 

1,8 

2.0 

- 

5.1 

- 

l July 

3.3 

3.7 

4.2 

6.5 

6.1 

6.7 

1 Aug 

3.6 

4.8 

5.6 

7.7 

7.5 

7.6 

1 Sept 

4.0 

5.0 

6.1 

8.2 

8.1 

8.1 

1 Oct 

4.0 

5.0 

6.3 

7.5 

7.2 

7.9 

1 Nov 

0.0 

0.0 

5.2 

0.0 

0.0 

0.0 

Maximum 

4.0 

5.0 

6.3 

8.2 

8.1 

8.1 
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50. CORRELATION OF THEORY WITH TEST DATA. Section A of this area was 
left in its natural condition with trees, brush, moss, and other vegetation in place. There 
was a deep penetration of temperatures below freezing in this section and relatively shal¬ 
low penetration of temperatures above freezing with the result that permafrost extended to 
a point between 3 and 4 ft from the surface. Trees and brush were removed from Section 

B, but the moss and other vegetation were left in place. In Section B, temperatures above 
freezing penetrated to a depth between 4 and 5 ft below the surface while, during the win¬ 
ter, a temperature of one degree below freezing penetrated only to about 5 ft. In Section 

C, all trees and vegetation were completely removed. In this section, temperatures above 
and below freezing penetrated to about 6 ft below the surface. It is considered that the 
temperature conditions in Area No. 1 can be correlated to changes in soil diffusivity re¬ 
sulting from the removal of natural vegetative insulation. Where all of the trees and veg¬ 
etation are in place, as in Section A, the shallow depth of ground thawed during the sum¬ 
mer freezes rapidly in the fall joining with the permafrost to form a continuously frozen 
mass to relatively great depth. Because of the continuously frozen condition, the diffu¬ 
sivity of the ground is high and the heat moves out of the ground to great depths and at a 
comparatively rapid rate during the winter. The trees in this section, which are quite 
dense, shade the ground and probably absorb a large portion of the solar radiation re¬ 
ceived. Where the seasonal frost zone and the permafrost zone do not join until the latter 
part of the winter season, there is generally insufficient, intensely cold weather after that 
time to cause deep penetration of freezing temperatures. Somewhat greater depths of 
thaw were noted in Sections A, B, and C during 1940 than in 1947, probably because of 
greater ground moisture conditions and resultant greater thermal conductivity in 1948. It 
may be concluded from the results obtained in 1948 that concrete surface color whether 
black, gray or white under the test conditions has no appreciable effect on depth of thaw. 

51. VERTICAL MOVEMENT. Vertical movement data collected from Area No. 1 at 
points shown on Plate 12 have been averaged for each section and are shown on Plates 30 
and 31 for the period of observation from 22 November 1946 to 2 October 1948. The aver¬ 
age annual range of vertical movement for the two years of record is shown in Table 9. 

TABLE 9 

AVERAGE ANNUAL RANGE OF MOVEMENT OF SECTIONS IN FEET 
FAIRBANKS RESEARCH AREA NO. 1 

A B C DB DN DW 

Section Black Natural White 

_ Natural Cleared Stripped Concrete Concre te Concrete 

Fall 1946-Fall 1947 0.374 0.555 0.494 

Fall 1947-Fall 1948_0.288 0.538 0.302 0.362_0.363 0.353 


It may be noted from the drawings that settlement coincides with the period of thaw and 
heave coincides with the period of freezing. Although the range of movement for Sections 
A, B, and C was different for each year, each of the sections apparently had an equal 
amount of heave and settlement during each year. The latter condition would indicate that 
the movements are seasonal. Data accumulated to date indicate the greatest movement in 
the cleared section, the least movement in the natural undisturbed section, with movement 











in the stripped section approximately equal to the average of the two extremes during 1947 
and approximately equal to the movement of the undisturbed section in 1948. An explana¬ 
tion for the observed order of vertical movement for the three sections is that Section A 
has the least depth of thaw and, therefore, the least volume change due to frost action. 
Section B has surface vegetation such as moss which is highly absorptive and more sus¬ 
ceptible to ice lens formation than the underlying silt soil which is exposed in Section C. 
The average annual range of vertical movement of each of the three colored sections, DB, 
DN, and DW, are approximately equal. As previously noted, this is also the condition for 
the maximum depth of thaw. It is concluded that the effect of the surface colors used in 
the test were all substantially the same with regard to vertical movement, i.e., no color 
had an advantage over another. 

Area No. 2 — Fairbanks Research Area 

52. PURP05E. The 26 runway test sections in Area No. 2 were constructed to de¬ 
termine the effect of various pavement types, insulators, and base courses on ground tem¬ 
peratures. Differences in the sections are shown in Plate 13 and described in detail in 
Appendix III. 

53. GROUND TEMPERATURES. Tables 10 and 11 show the total depth of thaw un¬ 
der each runway test section at the beginning of each month between 1 May and I Novem¬ 
ber in 1947 and 1948, respectively. The maximum depths of thaw below the pavement 
surface, original ground surface, and final subgrade are also shown. Sections constructed 
during the winter or spring had somewhat less total depth of thaw during 1948 than sec¬ 
tions constructed during the summer. It appears that no significance can be attached to 
this condition since the sections constructed during the summer generally had the least 
depth of thaw during the early part of the thawing season. It is concluded that the con¬ 
struction season has no appreciable effect on depth of thaw. Pavement surfaces tested all 
had substantially the same total depth of thaw. Sections containing insulators of various 
types which were constructed during the summer had, in four cases, about the same depth 
of thaw as an uninsulated section. In four cases, the insulated sections had greater total 
depth of thaw than the uninsulated section. The effect of the insulating layer on heat 
transfer at various times in 1947 and 1948 is shown in Plate 32. The data shown indicate 
a slight advantage through the use of P.C. Foamglas, however, the difference is not great, 
and there is some question as to whether the difference would warrant its use. In general, 
the insulating materials were not effective in reducing the depth of thaw as compared to 
uninsulated sections. Analysis of available data indicates that the effect of the insulators 
is to prevent heat transfer into the ground below and to hold heat above the insulation by 
increasing the temperature gradient through the insulation. Thus, the ground temperature 
below the insulation is cooler in summer and warmer in winter than if the insulation were 
not present. The net effect is that the mean annual ground temperature is about the same 
whether or not insulation is used. Where insulation is placed during the cold season as 
was the case in Section RN-11, cold is trapped below the insulation and, as a resul* tf 
depth of thaw is reduced during immediately subsequent years until the surplus cold can 
be dissipated. While no data are available as to the moisture content of the soil above 
P.C. Foamglas insulation, it appears that it may be greater than if this insulation layer 
were not present due to the relative imperviousness of this material. Sand as well as 
sand and gravel base courses had essentially the same effect on depth of thawing. Base 
courses varying in design thickness from 2 to 12 ft did not reduce the depth of thaw pene¬ 
tration into the natural ground in proportion to the thickness of the base course. The 
range of the maximum depth of thaw below the final subgrade for these sections was from 
4.4 to 7.8 ft in 1947 and from 5.2 to 7.3 ft in 1948. In comparison with the results obtained 


41 





4Z 






























































































































in Area No. 1, it can be said that the sections in Area No. 2 were generally no more effec¬ 
tive in retarding thaw than the cleared and stripped Section C of Area No. 1. The general 
conclusion from the results obtained is that gravel fills with or without embedded layers 
of insulation are of little value in retarding thawing of frozen ground. 

54. GROUNDWATER. Groundwater did ncx rise into the fills of Area No. 2 because 
of the very low capillarity of the material. This lack of water or ice is considered to be 
the principal reason for the rapid heat transfer through the fills. If the fills could have 
been kept in a saturated condition and frozen, undoubtedly thawing would not have pene¬ 
trated them in all cases because of the greater heat capacity of the frozen material. 

55. CORRELATION OF THEORY WITH TEST DATA. It should be emphasized that 
most of the runway test sections, which were about 4 ft thick, were actually constructed in 
such a manner that about one-half of the fill was placed below and one-half was above the 
original ground surface. The thicker base course sections were also constructed with 
about 2 ft of the fill below the original ground surface. The exposed portion of the fill war 
well drained and, as a result, there was very little water from which the latent heat of 
fusion had to be removed or replaced i- the respective processes of thawing and freezing. 
As the latent heat of fusion of water is 79.6 cal per g or 79.6 times as great as the heat 
required to raise the temperature of one gram of water one d ■»ree Centigrade, the rate of 
heat transfer through a sand-gravel material can be slowed appreciably when the saturated 
zone below the groundwater table is encountered. The groundwater table at the Fairbanks 
Research Area was generally slightly above the upper surface of the permafrost layer 
during 1948. In view of the results encountered at the Fairbanks Research Area, it is evi¬ 
dent that the moisture content of the ground is an important factor which must be con¬ 
sidered in predicting the depth of thaw or depth of freeze at a particular locality. 

56. COMPARISONS OF CALCULATED AND ACTUAL DEPTHS OF THAW. In the 
study of freezing or thawing of soils, it is necessary to keep in mind the fact that only the 
water in the soil is subject to a change of state. This change of state is accompanied by 
the absorption or liberation of a fixed amount of heat (latent heat of fusion) per pound of 
water. The amount of heat received by or removed from a unit area of ground surface 
during a season determines to a large extent the quantity of water in the soil which will 
undergo a change of state. Soils such as peat have a very high void content and water ca¬ 
pacity per unit volume. Dense sand-gravel mixtures have a low void content and small 
water capacity per unit volume. Thus, for a given amount of heat, the depth of thaw is a 
function of the water content of the soil. However, the depth of thaw in low density soils 
generally does not increase appreciably with moisture content because of the compensating 
effect of thermal conductivity. Plate 23 indicates that the depth of thaw in peat is very 
nearly the same over a tremendous range in moisture content. However, the depth of thaw 
in dense sand or gravel varies considerably with changes in moisture content. Soils with 
ranges of density between peat and sand gravel also have intermediate ranges of depth of 
thaw. Calculations of depth of thaw have been made for various test sections in Areas 
Nos. 1 and 2 of the Fairbanka Research Area. These calculations have been based on the 
method of calculation described herein and on soils density and moisture data obtained 
from test pits adjacent to the sections. Comparisons of the calculated and actual depths of 
thaw during the 1947 season are tabulated on the following page. 
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Maximum Depth of Thaw in Ft 

Area No. Section Actual Calculated 

1 A 3.2 3.0 

1 3 4.3 4.2 

1 C 6.4 6.2 

2 RN-2 15.0 ;•* 4 

2 RN-4 10.2 9.2 

2 RN-6 10.3 9.1 


The calculations summarized above are contained in Tables 7 and 12 to 16, inclusive. It 
may be noted that there is generally close agreement between the measured and calculated 
depths of thaw (the differences might be accounted for by the fact that seasonal thaw may 
exceed seasonal frost). 














Note: Computed depth = 4.2 ft. Actual depth = 4.3 ft. 






Computed depth = 6.2 ft. Actual depth =■ 6.4 ft. 





>uted depth * U.4 ft. Actual depth « 15,0 ft. 










Computed depth » 9.1 ft. Actual depth ■ 10.3 ft. 





57. VERTICAL. MOVEMENT OF GROUND AND TEST SECTION SURFACES. Table 
17 summarizes the range of average annual vertical movement, the range of maximum 
vertical movement at any one point, and the range of maximum differential movement be¬ 
tween any two points in the tesi sections of Area No. 2 for the period November 1946 
through October 1947 and from November 1947 to October 1948. The data indicate that the 
range of vertical movement is greatest for sections constructed during the summer and 
least for those constructed during the winter. No definite indication is given that any sur¬ 
face or type of insulation is more suitable than the others tested. Of the few sections 












































tested, it appears that a sand base course is slightly I etter’thar a sand and gravel base 
course. In general, the thicker the base courses, the less was the vertical movement of 
the section. The differential movement between different points in a test section appears 
to be largest in unsurfaced sections, smallest in concrete paved sections, and interme¬ 
diate in asphalt-surfaced sections. The latter condition reflects the relati.e rigidities of 
the three types of surfacing. 

Area No. 3 -- Fairbanks Research Area 

58. PURPOSE. Area No. 3 ot the Fairbanks Research Area was constructed with a 
view to determining the effect of various types of foundation construction on heat transfer. 
Eight 16-ft-square, frame buildings were constructed in ihis area in 1946, and observa¬ 
tions have been made since that time of ground temperatures, settlement, and groundwatei 
conditions in the vicinity. 


59. GROUND TEMPERATUF.ES. Summaries of the depth of thaw below the top of 
fill or ground surface under each building, at monthly intervals from May tc November in 
1947 and 1948, are shown in Tables 18 and 19, respectively. The greatest depth of thaw 
during both 1947 and 1948 occurred under Building 1. The ground under the center of this 
building did not refreeze during the winter and the depth of thaw advanced progressively 
during 1948 from 12.0 ft to 13.6 ft. Building 11 had the next greatest depth of thaw, 
namely, 13.0 ft under the center in 1948. Refreezing did not occur at this point during the 
winter. The concrete floor of Building 1 and the composite hollow tile and concrete floor 
of Building 11, both of which were placed directly on the ground, were the most effective 
in conducting heat into the ground. A future experimental study might include the efiect of 
forcing cold air through the hollow tile during the winter. It is evident that gravity flow of 
air through the small openings in the tile is insufficient to dissipate heat from the building 
before it can pass into the ground. The ground under the center of Building 2 did not 
freeze during the winter of 1947-1943 probably as a result of a stoppage of air circulation 
under the floor due to snow accumulation adjacent to the walls. Building 3, constructed on 
a 2-ft fill, had less depth of thaw than any of the buildings constructed on 4-ft or 6-ft fills. 
Building 4, in which the floor insulation had been removed, had about the same maximum 
depth of thaw in both 1947 and 1948, namely. 1G.8 and 11.0 ft. Ground under this building 
froze during the winter. Building 5 was constructed with a 6-in. cell concrete insulation 
layer in the 4-ft sand and gravel fill. Results obtained, when compared with Building 2, 
indicate only a small benefit from the insulation. None of the designs using fills, including 
the fill with an insulation layer {Building 5). were as effective in preventing heat transfer 
into the ground as the design for Building 8 where mud sills were placed directly on the 
natural ground. The most effective design types were those using posts or pile founda¬ 
tions which provided a 2-ft or larger air space between the floor and the ground for fiee 
air circulation. During the period of record, less depth of thaw' was observed under 
Buildings 6, 7, 8 and 10 than in the natural ground in the vicinity of temperature holes 
B-101, B-103 and B-104. In Building 7 where skirting prevented free air movement, the 
depth of thaw was greater than for Building 6 where skirting was not ’»sed. Building 9, 
supported by concrete spread footings with a 3-ft air space between the footing and the 
floor, provided by concrete struts, was not as effective as Building 10, supported on wood 
piles, in preventing heat transfer. 

60. MOISTURE CONTENT OF SOILS. Periodic determinations of soil moisture 
were made under Buildings 1 to 11, inclusive, in Area No. 3, Generally, the moisture con¬ 
tent of gravel fills was much less than in the natural subgrade. Relatively large variations 



















































in moisture were noted for the various observations. Peat layers interspersed between 
the silt layers at greater depths contained very high moisture contents which is a normal 
condition for such material. 

61. VERTICAL MOVEMENT OF GROUND SURFACE AND TEST STRUCTURES. 
Vertical movement data pertinent to control points on the ground surface, and test build¬ 
ings and piling in Area No. 3 are shown in Plates 33 to 38, inclusive. Variations in the 
average vertical movement of buildings from the elevations at the start of observations 
are shown in Plates 35 and 36. With the exception of Building 1, movement of the build¬ 
ings is cyclical with the seasons and only a small amount was residual after 2 years of ob¬ 
servations. Building 1, which was constructed on a concrete floor placed on a 4-ft gravel 
fill, has had quite uniform and progressive settlement. The greatest range of vertical 
movement occurred in Buildings 6, 7 and 8 which were placed on natural ground. The ver¬ 
tical movement of buildings placed on gravel fills was less than on natural ground and ap¬ 
pears to be a function of the thickness of the gravel fill. Plate 39 indicates that 6 ft may 
be the optimum thickness of foundation fill required for small buildings under conditions 
similar to those prevailing during the test. Data concerning the vertical movement of the 
test piles in Area No. 3 are shown in Plates 37 and 38. It may be noted that piling with 
penetrations into permafront less than twice the thickness of the active layer had vertical 
movements (heaving) appreciably greater in 1947-1948 than was the case for ratios of 
penetration equal to or greater than two. Data for the winter of 1946-1947 were not ob¬ 
tained until January 1947 at which time most of the heaving had already taken place. It 
appears that for stability, a ratio of 3 should be used in construction under conditions 
similar to those prevailing during the test. Vertical movements of control points placed 
on the natural ground in building and piling areas are shown in Plates 33 and 34. Move¬ 
ments of the control points were several times larger than the buildings and piling, indi¬ 
cating that the piling resisted most of the movement in the active layer. Results obtained 
from the swellometer tests, as shown in Plates 40, 41 and 42, confirmed the above condi¬ 
tions. It may be noted that swellometers 1 and 13 indicated soil heaving principally in the 
upper 2 ft while swellometer 25 showed movement to a depth of 5 ft. However, the maxi¬ 
mum movement of soil at swellometer 13, about 0.28 ft, was shown to be twice as great as 
at swellometer 25. The soil in this general area is stratified silt and peat which is espe¬ 
cially susceptible to frost action. Steps on Buildings 9 and 10 were displaced at the lower 
end due to heaving of the ground. It appears that steps should not be supported on frost- 
susceptible ground but rather hinged or cantilevered at the upper end. A septic tank con¬ 
structed to treat domestic sewage from Buildings 9, 10 and 11 collapsed after less than 
one year of use due to melting of permafrost in the adjacent ground. This septic tank was 
constructed of wood and was placed entirely below the ground surface. 

62. REFREEZING OF TIMBER PILING PLACED AFTER STEAM THAWING OF 
GROUND. In connection with the construction of Test Building 10 in Area No. 3, observa¬ 
tions were made to determine the rate at which the thawed ground may be expected to re¬ 
freeze around piling placed in a hole thawed into permafrost with steam jets. For this 
purpose, thermocouple strings were placed adjacent to one pile at the midpoint of the 
north side of the building and to one pile at the southeast corner of the building. In placing 
each pile, a hole approximately 3 ft in diameter was excavated by hand through the thawed 
surface layer which, at the time of installation (late July 1947), was about 4 ft thick. A 
hole of sufficient size and depth to receive the pile was then formed in the frozen silt by 
steam jetting. The thawed silt or muck was left in the hole and the pile was placed butt 
down in the hole to a depth of 20 ft 6 in. and seated with several light blows by a drop 
hammer. Prior to backfilling, a l-l/4-in. pipe reaching from the ground surface to a 
depth of 21 ft was placed adjacent to the pile to receive the thermocouple string. 
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T'-*rmocouple strings were placed in the pipe adjacent to the north pile on 22 July 1947 and 
at. ’ent to the southeast pile on 28 July 1947 immediately subsequent to the placing of the 
pile*. Although the lower portions of the two piles were fronen in within a few days after 
plac« nent and the top portions froze in. during the winter, it is not evident that the center 
portions were .“frozen when observations were discontinued in January 1948. Observa¬ 
tions will be resumed in 1949 to determine existing temperature conditions. Since the 
temperature of the permafrost is only slightly below freezing, it is apparent that the re¬ 
freezing of the piles was slowed up by the heat introduced by the steam thawing. In simi¬ 
lar situations where the permafrost temperature is near the freezing point, it is suggested 
that the holes for the piling be drilled, thus reducing the amount of heat introduced into the 
pile hole. The length of piling should also be increased, to give a penetration into the per¬ 
mafrost greater than twice the thickness of the active 2 one. 

63. CORRELATION OF THEORY WITH TEST DATA. The least depth of thaw oc¬ 
curred under buildings placed on posts or mud sills above the natural ground where fills 
were not used. The construction in which no skirting was used around the posts was more 
effective than where skirting was used, probably because the latter was not opened during 
the winter reason. Mud sill construction was in effect very similar to the skirted con¬ 
struction, although the air space between floor and ground was less. It appears that the 
greater depth of thaw under buildings placed on fills than under those placed on natural 
ground is due to the greater density and diffusivity of the compacted sand-gravel fill than 
that of the natural ground. Plates 43 and 44 show a comparison of the depth of thaw in and 
under various thicknesses of fill during 1947 and 1948 under boti. runway and building 
structures. The depths of thaw where no fills were used are also shown. It may be noted 
that the depths of thaw were essentially the same whether buildings or runway pavements 
were placed on a given fill thickness. A similar condition may be noted for unfilled areas 
and natural areas on which buildings were placed. Calculations of depth of thaw under the 
various buildings in Area No. 3 were not made because vital information concerning den¬ 
sity and moisture of the soil could not be obtained after construction; the floor of only one 
building was placed directly on the ground, and edge effects were apparently very large in 
the small buildings tested. A calculation of the depth of thaw under the hangar building at 
Northway Airfield, Alaska was presented in Section VIII. 

64. USE OF AIR SPACE UNDER STRUCTURES. The general conclusion from the 
tests is that the most desirable foundation design to prevent heat transfer into the ground 
is one with wood piling anchored in permafrost and providing an air space between the 
ground and building floor for circulation of cold air during the winter. Skirting should be 
provided for closing the air space and preventing circulation during the summertime un¬ 
der conditions where no artificial heat is used in the building. The air space dissipates 
heat from the building and causes normal deep freezing of the ground during the winter¬ 
time, thus preventing deterioration of the permafrost which supports the piling. The ac- 
.tion of the skirting during the summer is to prevent warm air circulation under the build¬ 
ing which would tend to raise the ground temperature. For best results, skirting should 
be removed during the winter to permit air circulation. 


X '-■onclusions 


65. GENERAL. These conclusions are based on observations in areas south of the 
Brooks Range in Alaska where the mean annual temperature is between 20° and 30° F. 
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Airfield site studies 


66. SITE SELECTION. Site selection in arctic and subarctic regions is more im¬ 
portant than in temperate zones and, wherever possible, structures should be located on 
coarse-grained, non-frost-heaving materials where the lowering of the permafrost sur¬ 
face will not cause damage to the structure. 

67. STABLE STRUCTURES. Stable structures and runways can be built on non- 
frost-heaving materials available in arctic and subarctic regions using design and con¬ 
struction procedures commonly employed in temperate zones. 

68. STABLE VERTICAL CONTROL POINTS. In general, stable vertical control 
points or bench marks may be obtained by placing pipe to a depth in the permafrost equal 
to at least twice the thickness of the active zone. In placing a vertical control point, care 
must be taken to avoid areas where the permafrost layer may be affected by heated struc¬ 
tures or utilities. (See paragraph 7, Appendix I.) 


Construction operations 


69. HEAVY EQUIPMENT. The heavier types of construction equipment are the 
most effective in arctic and subarctic construction operations if properly winterized. 

70. STANDARDIZATION OF EQUIPMENT. The necessity of continuous operation 
of construction equipment during all weather conditions, plus the isolation and remoteness 
from suppliers, requires the use of standardized equipment with a maximum of inter¬ 
changeable parts and also requires an ample supply of spare parts. 


Meteorological data studies 

71. SCOPE OF DATA. Additional data must be collected in order to correlate the 
effects of climatic factors, soil characteristics, and ground temperatures. 


Thermal properties of soils and insulating materials 

72. THERMAL CONDUCTIVITY OF SOILS. The coefficient of thermal conductivity 
of soil varies as follows (see paragraph 16): 

a. Above freezing, it increases slightly with an increase in mean temperature. 

b. Below freezing, for soils at low moisture contents, it shows very little 
change; for greater moisture contents, it shows an increase for a decrease 
in temperature. 

c. For a change from unfrozen to frozen soil, it changes variably according to 
the moisture content. For dry soils it does not change; for soils of low 
moisture content, it decreases; and for soils of high moisture content, it in¬ 
creases. 

d. At a constant moisture content, it increases with an increase in dry density. 
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The rate of increase is about the same at all moisture contents and is not 
markedly different for frozen and unfrozen soils. 

e. At a constant dry density, it increases with an increase in moisture content. 

f. For saturated, unfrozen soils, it decreases with a decrease in density. For 
saturated, frozen soils, the data indicate no well-defined relationship be¬ 
tween density and conductivity. 

g. It varies in general with the texture of the soil, being high for gravels and 
sands, lower for the sandy loams, and lowest for the silt and clay soils. 

h. It differs appreciably for different soil minerals. Quartz has greater con¬ 
ductivity than plagioclase feldspar and pyroxene. 

i. Angular soil particles have from 20 to 50 percent greater conductivity than 
rounded soil particles. 

73. SPECIFIC HEAT OF SOILS. The specific heats of soils are all approximately 
the same and vary in proportion to the temperature. 

74. THERMAL CONDUCTIVITY OF LIGHTWEIGHT CONCRETE. The coefficient of 
thermal conductivity of lightweight concrete slabs was found io vary directly according to 
their densities. 


Aerial photographic rec onnaissance 

75. PRELIMINARY SITE SELECTION. In the hands of a trained observer, the study 
of aerial photographs will greatly assist in preliminary site selection by eliminating the 
poor soil areas and by selecting the good sites, thus concentrating the field investigation 
on those areas best suited to construction and the over-all tactical and logistical situation. 

76. PLANNING OPERATIONS. In a military sense, this method has particular ap¬ 
plication in planning operations in a territory held by hostile forces. Possession of ade¬ 
quate photography will permit advance planning of airfields and structures with the cer¬ 
tainty that the least desirable locations are avoided and adequate construction areas are 
utilized. 

77. SIMILARITIES. Similar land areas under similar climatic conditions can be 
expected to have similar photographic patterns. 


Geophysical exploration methods 


78. GEOPHYSICAL EXPLORATION METHODS. The results so far obtained are not 
sufficiently encouraging to justify further efforts until improved electrical resistivity 
methods are developed. 


Library research 


79. LIBRARY RESEARCH. The contract with the Stefansson Library has provided 
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a search by competent translators of Russian literature which may be pertinent to the 
Permafrost Investigation, The brief summaries and translations of the Russian literature, 
available at this time, have confirmed many of the ideas and theories developed in the 
study of permafrost. Although no new fundamental concept of the problem has been dis¬ 
covered, the many angles of approach and statements obtained from articles in Russian, 
Scandinavian and English literature have helped to clarify and expand the understanding of 
the subject. 


Runways and access roads 


80. PENETRATION OF ANNUAL THAW. The depth of annual thaw penetration and 
the average depth to permafrost at Northway in the sand subgrade under the runway have 
stabilized at a depth of 10 ft. (See paragraph 8h, Appendix I.) This depth is essentially 
the same as that calculated for a saturated, medium density condition for Northway sand. 
(See Plate 23.) The calculated depth of thaw in saturated, high density Fairbanks gravel is 
about 21 ft. Thawing penetrated a 12-ft gravel base course composed of unsaturated high 
density Fairbanks gravel (the thickest section tested) plus 6 ft of saturated, medium den¬ 
sity Fairbanks silt loam at the Research Area. Results of calculations based on data from 
field and laboratory tests made in connection with this investigation (Plate 23) indicate 
that depth of thaw is greater in coarse-grained material (sand and gravel) than in fine¬ 
grained material (silt or peat). North of the Brooks Range, lesser depths of seasonal thaw 
may be expected than at Fairbanks. 

81. TEMPERATURE CRACKS. Temperature cracks in gravel as well as in bitu¬ 
minous pavements will develop during the freezing season even though the base course 
consists of non-heaving materials. 

82. INSULATING EFFECT OF NATURAL VEGETATIVE COVER. Less thawing 
occurs under natural vegetative cover than where the cover has been partially or entirely 
removed. The deepest thawing occurs where the cover has been entirely removed. (See 
Table 6.) 

83. COLDER GROUND TEMPERATURES UNDER NATURAL VEGETATIVE COVER. 
Colder ground temperatures occur where the natural vegetative cover is left in place than 
where removed because the ground freezes solid earlier in the season since there is less 
thawed material to refreeze and since frozen ground is a better thermal conductor than 
unfrozen ground. (See paragraph 50.) 

84. CONSTRUCTION SEASONS VERSUS SUBGRADE THERMAL EFFECTS. Pres¬ 
ently available data do not indicate any substantial advantage of construction in one season 
over another as far as subgrade thermal effects are concerned. (See paragraph 53.) 

85. UNIFORMITY OF DEPTH OF THAW. The depth of thaw was the same for all 
types of pavement tested. (See paragraph 53.) 

86. EFFECTIVENESS OF INSULATING MATERIALS IN BASE COURSES. Insu¬ 
lating materials in base courses are not effective in preventing thaw tinder runways. (See 
paragraph 53.) 

87. SIMILARITIES IN DEPTHS OF THAW. At the end of the summer thawing sea¬ 
son, the depth of thaw in the sections tested was the same whether the base course was 
composed of sand or of sand and gravel, (See paragraph 53.) 
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88. EFFECTIVENESS OF SAND AND GRAVEL BASE COURSES AS INSULATORS. 
Sand and gravel base courses or fills are not particularly effective as insulators in pre¬ 
venting heat transfer into the subgrade. (See Plate 23.) Tests at the Fairbanks Research 
Area indicate no substantial reduction in thawing in the natural subgrade (fine-grained soil) 
under sand and gravel fills from 2 ft to 12 ft thick as compared with the stripped subgrade 
without a fill. (See paragraph 53.) 

89. HEAT TRANSFER IN A RUNWAY BASE COURSE. Heat transfer in a runway 
base course depends, among other factors, on the density and moisture content of the ma¬ 
terial of which it is composed as well as the available heat energy of the surrounding nat¬ 
ural ground. (See paragraph 32b.) 

90. PLACEMENT OF GRANULAR OR GRAVEL FILL. When a granular or gravel 
fill is being placed on frozen silt or frost-heaving material, the fill should be placed im¬ 
mediately after stripping or without stripping to avoid thawing the subgrade. A thawed 
subgrade becomes quagmire in which tractors bog down greatly delaying the work. To 
prevent delays in backfilling and consequent thawing, it is essential to have the fill mate¬ 
rial stockpiled adjacent to the work, since haul roads often break down under the heavy 
traffic. 


Light buildings 

91. TEMPORARY. When light temporary buildings are to be constructed where the 
active zone is 2 to 5 ft thick and composed of frost-heaving soils, a non-frost-heaving soil 
backfill should be placed to a sufficient height to provide drainage. Temporary buildings 
may be erected on sills placed directly on a well-drained fill without the use of an addi¬ 
tional air space, since the fill will reduce and equalize the settlement as well as provide 
improved drainage, and since the air space between the floor beams is generally sufficient 
to dissipate the heat passing through the floor. 

92. PERMANENT, For permanent type structures, an air space beneath the build¬ 
ing is desirable to provide stability. (See paragraphs 63 and 64.) 


Heavy buildings 

93. AIR SPACES, The depth of heat transfer and thawing of frost in the ground be¬ 
low a heated building appears to be a function of the dimensions of the building. A space 
for air circulation under a structure will prevent the thawing of the permafrost beneath it 
and, with proper construction, will insure stability of the structure. (See paragraph 59.) 

94. PILING OR PIERS. Stable structures can be built on frost-heaving material in 
arctic and subarctic regions if the structure is supported on piling embedded in perma¬ 
frost with an air space between the floor and the ground for dissipation of heat from the 
buildings. Piers are seldom used for buildings because of the difficulties involved in 
suitably installing them. A tentative vertical dimension of the air space is one to two feet; 
under structures covering a large ground area, an air space of 2 ft or more is recom¬ 
mended. Where an air circulation space is used, the depth o£ the active zone will remain 
about as under natural conditions. Depth of embedment of piling in permafrost should be 
equal to at least twice the depth of the frost zone. When the temperature of the perma¬ 
frost is just slightly below 0° C, the piles should be placed to depths greater than twice 
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the depth of the active zone. (See paragraph 62 of Main Report and paragraph 13 of Ap¬ 
pendix I.) 

95. SOLAR RADIATION. Under large, heated buildings such as airfield hangars, 
the permafrost table will be lower on the south side of the building area than on the north 
side because of the greater amount of solar radiation received on the south side. (See 
Plate 1-17, Appendix I.) This may result in differential settlement of the structure and 
must be considered in the design. 

96. CONCRETE FLOORS PLACED DIRECTLY ON THE GROUND. Concrete floors 
placed directly on the ground will permit greater heat transfer into the ground than other 
common types of floors. (See paragraph 59.) ’ 

97. EFFECT OF COARSE-GRAINED FILLS. A fill of coarse-grained material un¬ 
der the floor of a building is not effective as an insulator in preventing heat transfer into 
the ground. However, the fill will reduce and equalize the effect of settlement in the sub¬ 
grade as well as provide improved drainage. Results of calculations based on data from 
field and laboratory tests made in connection with this investigation (Plate 23) indicate 
that depth of thaw is greater in coarse-grained material (sand and gravel) than in fine¬ 
grained material (silt or peat). That portion of a fill placed below the groundwater table 
will be somewhat more effective than the portion above the groundwater table in reducing 
the depth of thaw. However, because df the great depth of fill required (see Plate 23) in 
permafrost regions, no practical benefits car. be obtained. 

98. VERTICAL DISPLACEMENT OF BUILDINGS. Vertical displacement of build¬ 
ings can be expected where they are supported on the natural ground surface. (See para¬ 
graph 61.) 

99. DECENTRALIZATION OF SERVICE STRUCTURES. In permafrost areas, spe¬ 
cial service structures such as heating plants and powerhouses should be independent 
units located at a distance from hangars and other large structures to eliminate the fire 
hazard and to prevent the heat from the service structure from thawing out the permafrost 
under the hangar or other operational structures. 

Utilities 

100. UTILIDORS. Utilidors as well as other heat conductors placed underground 
cause thawing in the surrounding ground. In areas of frost-heaving soils over permafrost, 
utilidors should be built above ground with an air space between the bottom of the utilidor 
and the ground surface. They should be supported on posts extended well into permafrost. 


Analyses of heat transfer in ground 

101. DEPTH OF THAW. Depth of thaw in frozen ground can be approximated by the 
methods described in this report. (See paragraph 32c:.) The depth of thaw in any soil is a 
function of (see paragraph 32b): 

a. Degree-days above freezing, the thawing index, for the ground surface. This 
is determined by applying the proper correction factor for the particular 
surface to the thawing index based on air temperature for the locality being 
considered. 
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b. Thermal conductivity of the soil or other substances through which the heat 
must flow. This factor depends on the moisture content primarily and on 
the density, temperature, mineral composition, gradation, and particle shape 
of the material. 

c. Thickness of each layer of material through which heat must flow. Most 
accurate calculations can be made when complete information is available 
concerning the physical characteristics of each layer. 

d. The latent heat capacity, or the latent heat per cubic foot of material is equal 
to 143.4 times the number of pounds of water per cubic foot of material. 

e. Heat necessary to warm material to melting point. This is a function of the 
volumetric heat capacity frozen and the differential between the mean annual 
temperature and the melting point. Under arctic conditions or where there 
is an appreciable differential between the mean annual surface temperature 
and the freezing point, the calculated depth of thaw by the method described 
herein would be somewhat greater than actual because the heat required to 
warm the ground below the thawing line to the melting point has been neg¬ 
lected. 

f. Heat necessary to warm material above the melting point. This is a func¬ 
tion of the volumetric heat capacity of the thawed material and the differen¬ 
tial between the melting point and the average temperature of the thawed 
soil. This factor is not important when the depth of thaw is relatively small. 
The calculated depth of thaw, ignoring this factor, is also greater than actual. 

g. . Fluctuation in groundwater levels. This factor is not considered in the 

method described for determining depth of thaw except as an average soil 
moisture condition is assumed. 

h. Heat transported by flowing surface or groundwater. This factor always in¬ 
creases the depth of thaw, and consideration should be given toward control¬ 
ling it. 

i. Convection of heat by water in coarse material. As water has its greatest 
density at 4° C, this high density water will tend to flow downward to the 
thawing surface where it loses heat, increases the depth of thaw, loses den¬ 
sity, and rises to a higher elevation. This effect is dependent on the porosity 
of the material. 

j. Natural surface vegetation. 

(1) Natural surface vegetation acts as an insulator during the summer w'hen 
it is dry and as a good thermal conductor during the winter when it is 
saturated and frozen. 

(2) Natural surface vegetation disperses much heat during the summertime 
through transpiration. 

(3) Removal of surface vegetation causes subsequent seasonal thawing to 
greater depths. 
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102. METHODS OP PREVENTING HEAT TRANSFER INTO THE GROUND. 


a. Materials which have low conductivity when dry are very poor insulators when 
wet. Very few insulating materials do not absorb water when it is available. 

b. Insulating materials only retard the rate of heat transfer through them and 
do not prevent such heat transfer entirely. Thus, in time, a building floor 
which is well insulated at the ground surface to prevent heat transfer down¬ 
ward will be susceptible to settlement damage due to melting of permafrost. 
(See paragraph 59.) 

c. The most effective method of preventing heat transfer into the ground under 
a building is by dissipating the heat into a moving air stream under the 
structure. Although air will move vertically when heated or cooled, it is 
generally, impractical to allow much space for natural vertical movement 
under a building, therefore, artificial movement of air is the most certain 
method for wide buildings. (See paragraph 59.) 

d. The effect of insulation in a runway base course is to retard the flow of heat 
into the ground in summer and out of the ground in winter; thus the effect on 
the mean annual temperature is very nearly the same as under natural con¬ 
ditions. (See paragraph 53.) 

Conditions necessary for the preservation of permafrost 

103. CONDITIONS NECESSARY FOR THE PRESERVATION OF PERMAFROST. 

a. Artificial conditions are generally not as favorable for the preservation of 
permafrost as natural conditions. 

b. The maximum rate of thaw upward at the bottom of permafrost is slow even 
when natural surface conditions have been changed most unfavorably. (See 
paragraph 43.) 

c. The level of the permafrost surface may be raised by decreasing the degree- 
days of thaw and increasing the degree-days of freeze or by saturating 
coarse-grained fill material placed over it. 


Stability of pavements 

104. THEORY AND FINDINGS. The theory of the most generally accepted method of 
insuring no loss in strength of the subgrade due to frost action in temperate zones is to 
provide a thickness of pavement and base; not susceptible to frost action, which will pre¬ 
vent freezing of the subgrade. Where damage is caused by frost action soils encountered 
in the base or subgrade, these soils are commonly replaced by non-frost-action soils such 
as sands and gravels. However, depths of freeze or thaw are proportional to the degree- 
days of freezing or thawing, respectively. It has been shown in this report (Plate 23) that 
in subarctic regions with a thawing index of 3000 degree-days (Fairbanks, Alaska), dense 
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sand-gravel mixtures which are commonly used for fills cause deep thawing while low 
density materials such as peat and silt soils which are frost heaving and have low struc¬ 
tural strength cause shallow thawing. It is obvious from the data presented that it would 
be impracticable in subarctic regions to replace frost-susceptible soils with a sufficient 
thickness of sand or gravel to prevent penetration of thaw into the subgrade. However, the 
field investigations in Alaska have shown that the non-frost-susceptible fills tend to ab¬ 
sorb the differential heaving in underlying frost-susceptible subgrades. At the present 
time, the only design information available based on a reduction in strength of the sub¬ 
grade due to frost action is that contained in Chapter 4, Part XII of the Engineering Man¬ 
ual for War Department Construction. Figure 4 of Chapter 4 shows the required combined 
thickness of flexible pavement and base for various wheel loads vdth three types of frost- 
susceptible subgrade soils. It is considered that this information, together with the re¬ 
sults of California Bearing Ratio tests, provide the best information presently available 
for the design of base courses for flexible pavements and that it is ’daptabie for use in 
subarctic zones. Criteria for the design of base courses tor rigid pavements, which are 
also considered adaptable for use in the Subarctic, are contained in Figure 5 of Chapter 4. 


Summary 


105, GENERAL. In general any form of constr .ction which involves the removal of 
natural vegetation or the placing of a .'ill or floor of a building directly on the ground will 
tend to destroy permafrost. Construction which provides for the dissipation of heat later¬ 
ally rather than into the ground or which shades the ground from the sun's rays will tend 
to preserve permafrost. 


XI Recommendations for Future Investigations 


106. NORTHWAY AIRFIELD. Cont.nue periodic monthly ground temperature obser¬ 
vations under the unheated hangar and adjacent runway installations until they appear sta¬ 
bilized. Make complete reconnaissance survey of the runway and hangar and submit rec¬ 
ommendations for supplementary investigations nece >ary to complete the investigation at 
this site. 

107. FAIRBANKS RESEARCH AREA, FAIRBANKS, ALASKA. The results of most 
ground temperature tests at the Fairbanks Research Area have been essentially the same 
during the past two years. These tests should be continued until 30 October 1950 with a 
reduced frequency of observation and discontinued at that time if the past trend continues. 
Those tests which show a progressive change from year to year should be continued. 

108. INSTALLATIONS AT WEATHER STATIONS. Continue observations of ground 
temperatures at the various weather stations in Alaska. Obtain additional soil samples at 
these locations for determination of soils characteristics. Correlate ground and air tem¬ 
peratures with surface and soil characteristics. Service and recondition all ground tem¬ 
perature installations. Make additional installations at outlying Alaskan and Canadian sta¬ 
tions. 


109. TANGENTIAL ADFREEZING TESTS ON PILES. Make tests to determine the 
rate of refreezing of permafrost which has been thawed artificially when placing piles. 
These tests should be made in different sections of Alaska in different soil types. 
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110. PLATE LOADING AND ACCELERATED TRAFFIC TESTS. To check the base 
course design criteria contained in Chapter 4, Part XII of the Engineering Manual for War 
Department Construction, make plate loading and accelerated traffic tests in selected sec¬ 
tions of Area No. 2 of the Fairbanks Research Area. Make similar investigations and 
tests in other sections of Alaska. 

111. ADDITIONAL INSTALLATIONS AND STUDIES. 

a. Observe ground and air temperatures in various sections of Alaska under 
existing buildings constructed with an air space under the floor. 

b. At various points in Alaska, construct several typical bituminous- and 
gravel-surfaced runway test sections, 100 ft square, with several base 
course thicknesses, placed directly on natural ground surface. Observe 
ground and air temperatures, vertical movement and the results of test 
loading during the seasons of the year. 

c. Make detailed observations and studies at different locations in Alaska to 

*" determine correction factors for depth of thaw calculations. This would in¬ 
clude all types of subsoil including silt, sand, gravel, etc,, all types of sur¬ 
face including moss, peat, gravel, blacktop, concrete, etc. 

d. Make load and settlement tests on permanently frozen, coarse-grained, non- 
frost-heaving materials suitable for building foundations to determine the 
effect of thawing to depths of 30 to 50 ft. 
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TtA I II THERMOCOUPLES PLACED IN 3/4? PIPE no insulation 

TTA 2 It THERMOCOUPLES PLACED IN 3/4" PIPE OIL INSULATION 

TTA 3 II THERMOCOUPLES IN GROUND NO INSULATION 

TTA 4 4 NICKEL THERMOHNS IN GROUND NO INSULATION 

TTA 8 II THERMOCOUPLES IN lj£ PIPE SAND INSULATION 
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THICKNESS OF CONCRETE FLOOR-INCHES 
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• l-DN, CONCRETE SURFACE NOT PAINTED 
«« I-DW, CONCRETE SURFACE PAINTED WHITE / 


GENERAL NOTES: 
BASED ON AVE 
IN SECTIONS 
MOVEMENT OF 
SECTION D. i 
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PERMAFROST INVESTIGATION 
FIELO RESEARCH-FAIRBANKS, ALASKA 
AREA NO. I 

AVERAGE VERTICAL MOVEMENT 
OF OBSERVATION POINTS 
OCT. 1947-OCT. I94S 

CORPS Of ENGINEERS, St. PAUL, MINN. MAY 1850 


PLATE 31 
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PLATE 33 
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PERMAFROST INVESTIGATION 
FIELD RESEARCH-FAIRBANKS,ALASKA 
AREA NO. 3 

AVERAGE VERTICAL MOVEMENT OF BUILDINGS 
OCT. I947-0CT. 1948 

CORPS OF ENGINEERS, ST. PAUL,MINN. MAY I9S0 
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PERMAFROST INVESTIGATION 
FIELD RESEARCH-FAIRBANKS,ALASKA 
AREA NO. 3 

DIFFERENTIAL MOVEMENT OF PILING 
OCT. 1947-OCT. 1948 

CORPS OF ENGINEERS, ST PAUL, MINN. MAV 1950 


PLATE 38 










PLATE 39 
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PERMAFROST INVESTIGATION 
FIELO RESEARCH - FAIRBANKS, AL/-. SKA 
VERTICAL MOVEMENT OF 
SWELLOMETER NO. 13 

CORPS Of ENG!*iE£RS, ST PA0L,¥1MN. hs <950 
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41 





















PLATE 42 
























































PERMAFROST INVESTIGATION 

FIELD RESEARCH FAIRBANKS, ALASKA 





































